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Abstract
Chiari Type I Malformation (CMI) is a developmental disorder characterized by
displacement of the cerebellar tonsils below the base of the skull, resulting in significant
neurologic morbidity. While there are multiple proposed mechanisms for tonsillar
herniation, “classical” CMI is thought to occur due to a compromised posterior cranial
fossa (PF). As CMI patients display a high degree of clinical variability, it is
hypothesized that this heterogeneous disorder has a complex etiology influenced by
multiple genetic and environmental factors. Despite the fact that multiple lines of
evidence support a genetic contribution to disease, no genes have been identified to
date. Thus, the primary goal of this dissertation is to begin to dissect the genetic
etiology of this important disorder and gain a better understanding of what factors
contribute to the observed disease heterogeneity.
In order to address these goals, two studies and three distinct analytic
approaches were carried out. In the first study, 367 individuals from 66 nonsyndromic,
CMI multiplex families provided the basis for a whole genome linkage screen to identify
genomic regions likely to harbor CMI susceptibility genes. Results from the linkage
screen using the complete collection of families yielded limited evidence for linkage,
likely due to genetic heterogeneity. Thus, two separate analytic approaches were
applied to the data to reduce phenotypic and hopefully genetic heterogeneity, thereby
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increasing power to identify disease genes. In the first approach, families were stratified
based on the presence or absence of connective tissue disorder (CTD) related conditions
as hereditary CTDs are commonly associated with CMI and the presumed mechanism
for tonsillar herniation differs between CMI patients with CTDs and “classical” CMI
patients. Stratified analyses resulted in increased evidence for linkage to multiple
genomic regions. Of particular interest were two regions located on chromosomes 8 and
12, both of which harbor growth differentiation factors, GDF6 and GDF3, which have
been implicated in Klippel‐Feil syndrome (KFS). In the second approach, a
comprehensive evaluation of the genetic contribution to the PF was performed, followed
by ordered subset analysis (OSA) using heritable, disease‐relevant PF traits to identify
increased evidence for linkage within subsets of families that were similar with respect
to cranial base morphological traits. Much of the PF was found to be heritable and
results from OSA identified multiple genomic regions showing increased evidence for
linkage, including regions on chromosomes 1 and 22 which implicated several strong
biological candidates for disease.
In the second study, 44 pediatric, surgical CMI patients were ascertained in order
to establish disease subtypes using whole genome expression profiles generated from
patient blood and dura mater samples and radiological data consisting of PF
morphometrics. Sparse k‐means clustering as well as a modified version were used to
cluster patients using the biological and radiological data both separately and
v

collectively. The most significant patient classes were identified from the pure biological
clustering analyses. Further characterization of these classes implicated strong
biological candidates involved in endochondral ossification from the dura analysis and a
blood gene expression profile exhibiting a global down‐regulation in protein synthesis
and related pathways that may be associated with comorbid conditions.
Collectively, these studies established several strong biological disease
candidates, as well as emphasized the need to better understand and account for disease
heterogeneity, re‐evaluate the current diagnostic criteria for CMI, and continue to
investigate the use of endophenotypes, such as cranial base morphometrics, when
conducting genetic studies.
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1. Introduction
1.1 Phenotype
1.1.1 Chiari Malformations1
The Chiari Malformations (CMs) encompass a broad spectrum of developmental
disorders, most of which are unlikely to share a common pathophysiology. Originally,
four types of this malformation were described (Chiari 1891, 1896). Chiari Type I
Malformation (CMI) is characterized by displacement of both cerebellar tonsils at least 3
mm below the foramen magnum or one tonsil at least 5 mm. Chiari Type II
Malformation is defined by the downward displacement of the cerebellar vermis,
brainstem and fourth ventricle, and is associated with myelomeningocele. Chiari Type
III Malformation is characterized by herniation of the contents of the posterior cranial
fossa (PF) into a cervical or occipital encephalocele. Chiari Type IV Malformation is rare
and presents as cerebellar hypoplasia. Over the years, additional groups of patients
have been identified that do not fit the historical classification of CMs, such as Chiari
Type 0 Malformation (CM0) defined by the presence of syringomyelia without tonsillar
herniation that improves following PF decompression surgery (Iskandar et al. 1998).

This section was taken with modification from: Markunas, C. A., R. S. Tubbs, R. Moftakhar, A. E. Ashley‐
Koch, S. G. Gregory, W. J. Oakes, M. C. Speer, and B. J. Iskandar. 2012. Clinical, radiological, and genetic
similarities between patients with Chiari Type I and Type 0 Malformations. J Neurosurg Pediatr 9, no. 4:
372‐8.
1
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1.1.2 Chiari Type I Malformation (CMI)
As stated above, CMI is characterized by displacement of the cerebellar tonsils
below the base of the skull (Figure 1). Although magnetic resonance imaging (MRI) is
considered the gold standard for diagnosis, no universally accepted diagnostic criteria
exist. Patients are usually considered affected if one cerebellar tonsil is herniated 5 mm
or more (Aboulezz et al. 1985) or both tonsils are herniated 3 mm or more (Barkovich et
al. 1986).

Figure 1: Sagittal T1‐weighted MRI of an individual affected with CMI
The horizontal red line marks the level of the foramen magnum and the vertical red line shows
the extent of tonsillar herniation.

CMI is a clinically heterogeneous disorder as is evident by the variation in
symptom presentation, age of onset, presence of associated conditions, and the extent of
tonsillar herniation. CMI patients usually present with symptoms in their twenties or
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thirties (Milhorat et al. 1999), although the age of onset can occur at any time even
though diagnoses are rarely made before the age of one. In addition, patients can
exhibit a wide range of symptoms, making it difficult to identify which symptoms are
directly related to the disease itself. Many of these symptoms are vague and not specific
to CMI, resulting in misdiagnoses (Mueller and Oro 2004). In a cohort of 265 CMI
patients, the ten most frequent symptoms reported included headache (98%), dizziness
(84%), difficulty sleeping (72%), weakness of an upper extremity (69%), neck pain (67%),
numbness/tingling of an upper extremity (62%), fatigue (59%), nausea (58%), shortness
of breath (57%), and blurred vision (57%) (Mueller and Oro 2004). Much variability
exists in terms of the type and severity of symptoms present. In fact, some patients
exhibit no signs or symptoms and obtain a diagnosis incidentally or because a family
member was diagnosed.
Patients can also present with a variety of associated conditions. One of the more
prevalent conditions is syringomyelia, which is found in 65‐80% of CMI patients (Speer
et al. 2003). This condition occurs when a syrinx, or fluid filled sac, forms within the
spinal cord (Ellenbogen et al. 2000) as shown in Figure 2.
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Figure 2: Sagittal T1‐weighted spinal MRI of an individual with syringomyelia
The red arrow points to the syrinx extending from the cervical vertebra C3 through C6.

Additionally, over two thirds of patients have bony abnormalities of the PF, including
platybasia, basilar impression, and enlargement of the foramen magnum (Schady,
Metcalfe, and Butler 1987). Other conditions which may be found in association with
CMI include scoliosis, kyphosis, hydrocephalus, and empty sella (Milhorat et al. 1999).
In addition to the variability in symptom presentation and presence of associated
conditions, the extent of tonsillar herniation can also be extremely variable both between
individuals and within individuals as the degree of tonsillar herniation does not have to
be symmetric with respect to both the right and left tonsils and can change over time.

1.2 Epidemiological studies
Although few epidemiologic studies for CMI exist, there have been several
reports which provide estimates of the prevalence. The first was a retrospective study
that examined 22,591 individuals who received MRIs at Johns Hopkins hospital between
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January 1994 and July 1997 (Meadows et al. 2000). Less than one percent (~1/125) of the
study population was diagnosed with CMI, defined as tonsillar herniation exceeding 5
mm (Meadows et al. 2000). Of the 175 individuals diagnosed with CMI, 25 were
asymptomatic (~1/900). A separate study estimated the prevalence indirectly based on
prevalence estimates of syringomyelia and the fact that it is found in 65‐80% of CMI
patients (Speer et al. 2003). They estimated that 0.08% of the population of the United
States was affected with CMI with or without syringomyelia (Speer et al. 2003). In 2007,
2,000 individuals older than 45 years of age from the population‐based Rotterdam study
were screened for incidental MRI findings, of which 0.9% were found to have CMI as
defined by tonsillar herniation exceeding 5 mm (Vernooij et al. 2007). Importantly,
between August 2005 and February 2007, 91% of eligible Rotterdam study participants
agreed to undergo this high‐resolution MR screening (Vernooij et al. 2007). Between
November 1997 and August 2008 , a retrospective review was conducted at the
University of Michigan of 14,116 individuals aged 18 years and below that underwent
MRI and found that 3.6% of children were diagnosed with CMI as defined by ≥ 5 mm
tonsillar herniation, of which 23% also had a syrinx (Strahle et al. 2011b).
At this time it is difficult to establish whether the prevalence of CMI has been
underestimated due to asymptomatic individuals, overestimated due to selection bias,
or how disease prevalence might vary across geographical regions. To estimate the true
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prevalence of CMI in the United States a random sample of individuals in the
population would need to undergo MR imaging in order to screen for CMI, which
remains a considerable challenge.

1.3 Genetics of CMI2
1.3.1 Introduction
Dissecting the genetic etiology of Chiari malformations is complicated by
multiple genetic and environmental factors that may contribute to the development of
the disease. Substantial phenotypic heterogeneity is likely related to an underlying
genetic heterogeneity. Therefore, accurately defining the phenotype is an important first
step. Misclassification of patients can result in the inclusion of unknown disease
subtypes with distinct genetic etiologies, as well as individuals with different diseases or
even without disease, all of which will negatively impact the ability to localize CMI
genes. Identification of subgroups of patients with similar clinical characteristics should
reduce the phenotypic heterogeneity and ultimately genetic heterogeneity, and may lead
to improved power to identify causal genes. Often the next step in the genetic dissection
of a complex disorder is to determine if sufficient evidence exists to support a genetic
component for the disease. Researchers often look for familial aggregation of the

This section was taken with modification from: Markunas C.A., Ashley‐Koch A.E., and Gregory S.G.
Genetics of the Chiari I and II Malformations. Oakes J, Tubbs S, eds. The Chiari Malformations. New York,
NY; Springer [Pending Publication; 2013].
2
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disease, disease concordance between twins, animal models of the disease where a gene
has been identified, as well as co‐occurrence of the disease with known genetic
syndromes. Importantly, it is the preponderance of evidence from multiple well‐
designed studies that provide the strongest support.
Once sufficient genetic evidence exits, experimental design follows and depends
on a variety of factors. These include the main goal of the study, disease prevalence,
proportion of sporadic versus familial cases, age of disease onset, disease‐specific
mortality, and practical considerations such as personnel and financial resources.
Population ascertainment is a key component of study design that demands a great deal
of planning to ensure enrollment criteria are met (e.g., disease phenotype and clinical
exclusion criteria at the personal and family history level). Once study participants are
enrolled, data generation, analysis and validation, replication, and interpretation of
findings usually follow. This entire process can take even a large research team many
years to complete and can cost from tens of thousands to millions of dollars.
Before embarking on costly genetic studies that require significant financial and
personnel resources, researchers will first acquire data to support a genetic contribution
to disease. Thus, much of the focus for CMI to date has been on establishing a genetic
basis. There are several lines of evidence including twin studies, familial aggregation,
co‐occurrence with known genetic syndromes, as well as previous genetic studies that
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suggest a genetic component in at least a subset of CMI cases. The genetic basis of CMI
will be detailed throughout the following subsections.

1.3.2 Twin studies
Twin studies allow researchers to examine the genetic contribution of a disease
by comparing the concordance of disease between monozygotic and dizygotic twins.
This approach helps establish if a disease is at least due in part to genetic causes.
However, there are several important factors to consider in terms of the design and
interpretation of twin studies, especially in the context of complex disease. These
include: 1) whether a common pre‐ and post‐natal environment were shared between
the twins, 2) what additional factors might explain discordance between monozygotic
twins (e.g., epigenetic factors or modifications to the genome that do not change the
underlying DNA sequence but may affect things such as gene expression), and 3) if the
dizygotic twins are of the same sex. The latter point is particularly important in the
context of CMI, as females appear to be three times more likely to be affected with CMI
than males (Milhorat et al. 1999).
The largest CMI twin study to date compared three sets of monozygotic twins
(two sets of sisters, one set of brothers) to three sets of dizygotic twins (three sets of
sisters) and found a higher concordance between monozygotic twins compared to
dizygotic twins (Speer et al. 2003). Multiple reports have also described concordance
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between single sets of monozygotic twins (Atkinson, Kokmen, and Miller 1998; Iwasaki
et al. 2000; Solth et al. 2010; Stovner et al. 1992; Szewka et al. 2006; Tubbs et al. 2004b;
Turgut 2001) and one set of monozygotic triplets (Cavender and Schmidt 1995).
Generally, these studies found that twins were concordant with respect to the diagnosis
of CMI, although they were sometimes discordant for other factors, including the
presence of syringomyelia, age of onset, extent of tonsillar herniation, and symptom
severity. Discordance of the CMI diagnosis between monozygotic twins was noted in at
least three studies (Cavender and Schmidt 1995; Iwasaki et al. 2000; Tubbs et al. 2004b);
however, these differences are likely due to the absence of standardized classification of
Chiari patients and our current poor understanding on how best to define the disorder,
for example: 1) Iwasaki and colleagues (Iwasaki et al. 2000) described one twin sister as
having CMI and the other as having mild tonsillar ectopia (6 mm herniation), 2) Tubbs
and colleagues (Tubbs et al. 2004b) reported a set of twin brothers, one diagnosed with
CMI and the other with CM0, and 3) Cavender and colleagues (Cavender and Schmidt
1995) described monozygotic female triplets, one of which was diagnosed with CMI and
the other two were diagnosed with varying degrees of tonsillar ectopia (4 mm and 2.5
mm herniation).
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1.3.3 Familial aggregation
Familial aggregation or clustering refers to the identification of families where
multiple members are affected with the disease of interest. It is important to remember
that the observation of multiple affected individuals in a family does not mean that the
disease is genetic. One must also consider that the occurrence could be due to chance or
environmental causes. In the case of CMI, there are an overwhelming number of reports
of familial clustering (Atkinson, Kokmen, and Miller 1998; Boyles et al. 2006; Coria et al.
1983; George and Page 2006; Gimenez‐Roldan, Benito, and Mateo 1978; Herman, Cheek,
and Storrs 1990; Mavinkurve et al. 2005; Milhorat et al. 1999; Schanker et al. 2011; Speer
et al. 2000; Stovner et al. 1992; Stovner and Sjaastad 1995; Szewka et al. 2006; Tubbs et al.
2008; Weisfeld‐Adams et al. 2007; Yabe, Kikuchi, and Tashiro 2002; Zakeri, Glasauer,
and Egnatchik 1995). There have also been multiple reports of familial syringomyelia,
some of which have CMI (Reviewed in reference(Yabe, Kikuchi, and Tashiro 2002)).
Evidence of familial clustering in combination with other observations (e.g., results from
the twin studies, frequent observations that multiple family generations are affected
with the disease, many families contain even more than two affected family members,
and many families appear to be spread out geographically) makes it less likely that CMI
is occurring by chance or solely due to an environmental factor(s).
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In addition to family studies, several studies have provided estimates of the
proportion of patients with a positive family history of CMI. In a seminal paper by
Milhorat and colleagues, it was reported that out of a cohort of 364 symptomatic
patients, 43 (12%) had at least one close relative with CMI with or without
syringomyelia or idiopathic syringomyelia (Milhorat et al. 1999). Additionally, 72
patients (20%) were reported as having at least one close relative with a similar
symptomology without an official CMI diagnosis (Milhorat et al. 1999). In a large
retrospective review of 500 CMI pediatric surgical patients, only three percent of
patients reported a positive family history for CMI (Tubbs et al. 2011). When
interpreting these results, it is important to note that these studies are based on highly
selected samples of patients and, in the absence of neuroimaging on all family members,
it is difficult to obtain accurate diagnoses.
Although a proper segregation analysis has not been conducted previously for
CMI, the mode of inheritance has been suggested to be either autosomal dominant with
reduced penetrance or autosomal recessive (Milhorat et al. 1999); however, CMI is likely
to be complex and influenced by multiple genetic, epigenetic, and environmental
factors.

11

1.3.4 Heritability
Heritability refers to the proportion of phenotypic variation in a population that
is attributable to genetic variation among individuals. Heritability estimates of the
posterior fossa (PF) are especially important to the genetics of CMI as the PF is
compromised in many CMI patients and is likely to play an important role in the
development of the malformation in at least some patients (Noudel et al. 2009).
Heritability has been previously estimated for various components of the PF
using 99 individuals from 35 CMI families (Boyles et al. 2006). In this study, PF
measurements were taken from pre‐surgical MRIs from both affected as well as
unaffected family members. Of the eleven measurements examined, PF volume
(h2=0.96, p=0.004) and basal angle (h2=0.51, p=0.014) were significantly heritable in the
families. The clivus (h2=0.39, p=0.054) and the supraoccipital bone (h2=0.28, p=0.069)
were also nearing significance. These results were based on a small sample size and did
not account for factors such as age, sex, or affection status, thus additional heritability
studies are needed to try and separate the various genetic and environmental
components contributing to the observed trait variation.

1.3.5 Co-occurrence with known genetic syndromes
Another important tool that geneticists use to investigate whether a disease has a
genetic component is to determine if a disease co‐occurs with another syndrome with a
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known genetic basis. If the two diseases co‐occur more often than would be expected by
chance, this would suggest that the diseases may be related and perhaps share an
underlying genetic risk. For example, if two diseases are independent and both occur at
a population frequency of 0.10 one would expect the diseases to co‐occur at a frequency
of 0.01 (0.10 x 0.10) in the population. In selected populations, such as a cohort of Chiari
patients, the prevalence of another disease in that cohort therefore needs to be higher
than that observed in the general population for it to represent a potentially meaningful
association.
Although over twenty genetic syndromes have been previously described as co‐
occurring with CMI (Speer et al. 2003), many of these are based on single case reports
therefore more data are needed in order to rule out spurious associations. Examples of
genetic syndromes commonly associated with CMI include Ehlers‐Danlos syndrome
(Castori et al. 2010; Jacome 1999, 2001; Milhorat et al. 2007), Marfan syndrome (Braca,
Hornyak, and Murali 2005; Milhorat et al. 2007; Owler et al. 2004; Puget et al. 2007),
Klippel‐Feil syndrome (Abel et al. 2006; Cakmakkaya et al. 2006; Kagawa et al. 2006;
Khan et al. 2010; Konstantinou et al. 2004; Milhorat et al. 1999; Perrini et al. 2008;
Ritterbusch et al. 1991; Samartzis et al. 2010; Tubbs et al. 2011; Tubbs, McGirt, and Oakes
2003; Ulmer et al. 1993; Woosley and Whaley 1982), Growth hormone deficiency (Gupta
et al. 2008; Hamilton, Blaser, and Daneman 1998; Hamilton et al. 1998; Hilal et al. 2008;
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Marwaha et al. 1992; Murphy et al. 2007; Tubbs et al. 2011; Tubbs, McGirt, and Oakes
2003; Tubbs et al. 2003), Pagetʹs disease of the bone (Iglesias‐Osma et al. 1997; Otsuka et
al. 2004; Richards, Bargiota, and Corrall 2001), Craniosynostosis (Sandberg et al. 2007;
Strahle et al. 2011a), Goldenhar syndrome (Menezes and Vogel 2008; Mesiwala et al.
2001; Sze, Gruss, and Cunningham 2001), Williams syndrome (Ferrero et al. 2007;
Mercuri et al. 1997; Pober and Filiano 1995), Kabuki syndrome (Ciprero et al. 2005;
McGaughran et al. 2001), Hypophosphatemic rickets (Caldemeyer et al. 1995; Kuether
and Piatt 1998), and Neurofibromatosis type I (Hara and Arakawa 2005; Tubbs et al.
2004a). In some of these reports, authors hypothesize that the CMI malformation is
“acquired”, occurring secondarily to the primary genetic syndrome (Abel et al. 2006;
Puget et al. 2007; Richards, Bargiota, and Corrall 2001). In addition, there are multiple
reports of CMI co‐occurring with other diseases or syndromes in patients where
chromosomal aberrations or genetic defects have been identified. These include a
16p11.2 rearrangement (Schaaf et al. 2011), 17p13.3 deletion distal to PAFAH1B1 (Schiff
et al. 2010), FOXP1 haploinsufficiency (Carr et al. 2010), 5p13.3‐13.2 deletion (Bayrakli et
al. 2010), germline activating mutation in TSHR (Bertalan et al. 2010), Pentasomy
49,XXXXY (Raven, Bingham, and Graupman 2007), among others.
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1.3.6 Genetic studies
Genetic studies can encompass a wide range of study designs depending on the
research goal. These may vary by scale (e.g., candidate gene versus whole genome
studies), the type of data generated (e.g., genotype versus gene expression data), as well
as the analysis conducted (e.g, association versus linkage). As new genetic techniques
and technologies have developed, it has become increasingly feasible to conduct large
scale genetic screens within reasonable time frames and financial constraints. However,
a separate challenge is the ability to ascertain a large enough study population that
meets enrollment criteria. Consequently, very few genetic screens have been conducted
for CMI to date, but data from ongoing studies will improve this number in coming
years.
As mentioned above, there are multiple approaches that can be employed to
identify genetic factors associated with disease. One of the first reported genetic studies
for Chiari was conducted in 1982 and included a candidate gene association analysis of
the human leukocyte antigen (HLA) locus (Newman, Wentzel, and Foster 1982). HLA‐
A.B.C antigen frequencies were compared between 53 patients with syringomyelia, 40 of
which had a Chiari anomaly (type not specified), and 500 pooled controls. After
correction for multiple testing, a significant increase of HLA‐A9 was observed in
patients with syringomyelia (corrected p=0.007). When restricted to the Chiari cases, an
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increased frequency was still observed but did not remain significant after correction
(uncorrected p=0.0038; corrected p=0.11). Authors suggested that perhaps there is an
association between the HLA locus and the development of syringomyelia or Chiari
malformation.
Another type of genetic screen that can be carried out is a candidate gene
sequencing study. In this type of study investigators select a gene based on biological
relevance perhaps in combination with positional information and then sequence that
gene in a number of cases and controls to identify DNA sequence changes (mutations
and/or polymorphisms) that may be associated with the disease. The first candidate
gene sequencing study for CMI was published in 2003 (Speer et al. 2003). Speer and
colleagues investigated a relevant biological candidate gene, Noggin, which is known to
play an important role in skeletal development. Thirty three cases of nonsyndromic
CMI were screened for mutations in the coding region and part of the 3’ and 5’
untranslated regions by first using pooled samples and denaturing high performance
liquid chromatography, followed by Sanger sequencing to validate potential mutations.
No mutations were identified in the 33 CMI cases leading researchers to conclude that
Noggin mutations are unlikely to represent a common etiology of CMI.
A whole genome linkage study is another type of genetic screen. The goal of this
analysis is to identify regions of the genome that segregate with the disease in families
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or show excess sharing across affected family members. The only whole genome linkage
screen published to date for CMI consisted of 23 Caucasian multiplex families
containing 67 sampled individuals affected with CMI with or without syringomyelia
(Boyles et al. 2006). Individuals were genotyped using the whole‐genome Affymetrix
10K SNP Chip (TGen, Phoenix, AZ). Both parametric (model dependent) and
nonparametric (model independent) two‐point and multipoint linkage analyses were
conducted. Significant evidence for linkage was identified on regions of chromosomes 9
and 15. Biologically plausible candidate genes within these intervals were discussed,
including the gene, Fibrillin‐1, located on chromosome 15 due to its role in Marfan
syndrome, ectopia lentis, and Shprintzen–Goldberg syndrome; however, sequencing
studies to identify causal DNA mutations were not performed.

1.4 Proposed mechanisms for tonsillar herniation
It has previously been proposed that multiple distinct mechanisms can lead to
tonsillar herniation (Milhorat et al. 2010). These include cranial constriction, cranial
settling, spinal cord tethering, intracranial hypertension, and intraspinal hypotension
(Milhorat et al. 2010). Cranial constriction refers to a compromised PF and is observed
in patients with classical CMI, craniosynostosis, achondroplasia, acromegaly, and
Paget’s disease. Specifically, when compared to controls, patients exhibited reduced
occipital bones, PF, and foramen magnum (Figure 3) (Milhorat et al. 2010).
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Figure 3: Sagittal T1‐weighted brain MRI
The posterior fossa is outlined in blue.

Cranial settling has been proposed to occur in patients with hereditary disorders of
connective tissue with occipitoatlantoaxial joint instability (OAAJI), posttraumatic
OAAJI, and osteogenesis imperfecta. In contrast to the cranial constriction mechanism
associated with CMI, these patients have normal sized occipital bones, PF, and foramen
magnum. A normal sized PF was also observed in patients with intracranial
hypertension due to hydrocephalus, PF cysts or tumors, subdural hematoma, or
intracranial mass lesions, as well patients with intraspinal hypotension occurring due to
a prolonged lumbar shunt, cerebrospinal fluid (CSF) leaks, or dural ectasia. The final
proposed mechanism for tonsillar herniation is spinal cord tethering which results in a
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large foramen magnum with small occipital bones and PF in patients with CMII or a
large foramen magnum, normal occipital bones and PF in patients with tethered cord
syndrome. Overall, Milhorat and colleagues showed that PF morphology differed
among some the major mechanistic classes suggesting that detailed radiological
characterization of the cranial base coupled with further clinical characterization may be
able to discriminate between groups of patients with different underlying disease
etiologies.

1.5 Classical CMI: compromised posterior fossa
Classical CMI is thought to be caused by an underdeveloped occipital bone
which originates from the paraxial mesoderm (Marin‐Padilla and Marin‐Padilla 1981;
Nishikawa et al. 1997); although a recent study suggests that it may also derive from the
neural crest (Matsuoka et al. 2005). Regardless of its origin, the end result is a PF that is
too small and shallow to accommodate the normal sized cerebellum (Marin‐Padilla and
Marin‐Padilla 1981; Nishikawa et al. 1997). Herniation of the cerebellar tonsils and an
upward shift of the tentorium are thought to occur secondarily (Nishikawa et al. 1997).
There is a substantial body of literature that compares measurements of the PF
region in CMI cases versus controls. Figure 3 highlights the relevant cranial base
morphology. Findings from eight of these studies have been previously reviewed
(Noudel et al. 2009). Across all eight studies, the clivus or basiocciput was significantly
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shorter in cases compared to controls, although in one study the finding was not
significant for women and in another study it was only significant when comparing CMI
patients who also had basilar invagination (Noudel et al. 2009). Out of five studies that
examined the length of the supraocciput, all found that it was shorter in CMI patients,
although only two studies found the difference to be significant (Noudel et al. 2009).
Three studies examined PF area and all found that it was significantly smaller in cases
compared to controls (Noudel et al. 2009). In addition, three studies examined PF
volume and all found that it was smaller in cases compared to controls, but only one
study found the difference to be significant (Noudel et al. 2009). In one of those studies,
the ratio of the PF brain volume to the PF cranial volume was significantly different,
even though the PF volume alone was not significantly different (Nishikawa et al. 1997).
Of the five studies that examined the tentorial angle, all reported that the angle was
larger in cases compared to controls, and four identified this difference as being
significant (Noudel et al. 2009). Five of the eight studies examined neural structures,
such as the brainstem and cerebellum, and all found these to be normal (Noudel et al.
2009). Based on these studies, one of the most consistent MRI findings in CMI patients is
a shorter basiocciput or clivus. A short basiocciput or clivus can result from two
different mechanisms: an early developmental defect leading to an underdeveloped
bone, and/or the premature fusion of the sphenooccipital synchondrosis, which is the

20

cartilaginous joint between the basiocciput and basisphenoid bone that normally closes
between 16 and 20 years of age (Noudel et al. 2009).
The most recent morphometric report examined a series of 19 posterior fossa
measurements in 100 CMI cases and 50 controls (sex matched and excluded patients
under the age of 18 years) (Urbizu et al. 2013). 12 of the 19 traits were nominally
significantly different between cases and controls, 10 of which remained significant after
a Bonferroni correction for multiple testing. A shorter tentorium, supraocciput, clivus,
PF area, osseous PF area, PF height, and additional PF height measurements (e.g. Pons
to foramen magnum) as well as a larger basal angle and smaller tentorium angle were
observed at a nominal significance level.
Taken together, these studies further support the hypothesis that classical CMI
patients have a compromised PF, likely due to an undeveloped occipital bone. Thus,
understanding how bones in the cranial base are formed and what biological pathways
are involved in regulating bone development is critical to being able to investigate the
genetic basis of CMI.

1.6 Endochondral ossification
Bone development of the cranial base, particularly the occipital bones
(supraoccipital, paired exocciptal, and basioccipital bones), is of particular interest for
understanding the biology of “classical” CMI. Unlike most of the bones of the cranial
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vault (neurocranium) that undergo intramembraneous ossification or direct bone
formation, the cranial base (chondrocranium), including the occipital bone, is largely
formed by endochondral ossification where a cartilage intermediate is initially formed,
which later transitions into bone. This section will discuss the key processes of
endochondral ossification as recently reviewed in (Long and Ornitz 2013), which is
primarily based on the study of the limb skeleton.
Mesenchymal condensation is the initial step for endochondral ossification.
Mesenchymal cells arising from either the neural crest or mesoderm form a dense
packing of cells marking the location where the cartilage intermediate will be formed.
Although the specific factors that regulate this aggregation of cells and cell‐cell adhesion
are poorly understood, some previously implicated genes include Hox genes (HOXA13,
HOXD13), members of the transforming growth factor‐β (TGFB) family such as bone
morphogenetic proteins (BMP2, BMP4), BMP antagonists (NOGGIN), and fibroblast
growth factor receptors (FGFR1 and FGFR2).
After mesenchymal condensation, core mesenchymal cells start to differentiate
into chondrocytes. A cartilage matrix begins to form due to the secretion of collagen
types II, IX, and XI and proteoglycans such as aggrecan from the chondrocytes. The
outer cells of the condensation begin to form the perichondrium which maintains
collagen type I expression, while collagen type I expression is suppressed in the core

22

chondrocytes. Regulation of chondrocyte differentiation is complex with various genes
and pathways being implicated, such as SRY (sex determining region Y)‐box proteins
(SOX9, SOX5, SOX6), BMP signaling (BMPR1A, BMPR1B, SMAD1, SMAD5), collagen
type II, alpha 1 (COL2A1), WNT/β‐catenin signaling (WNT1, WNT7A, β‐catenin), Notch
signaling, and retinoic acid signaling (RARγ). Once the cartilage matrix has been
formed, chondrocytes undergo a series of changes, including rapid proliferation and
maturation, and then cell cycle exit and finally hypertrophy, which is associated with the
secretion of collagen type X and the expression of matrix metalloproteinase 13 (MMP13)
in terminal hypertrophic chondrocytes. These progressive changes that chondrocytes
undergo in the growth plate ultimately lead to ossification. Organized zones of
proliferation (round and columnar chondrocytes), hypertrophy (prehypertrophic,
hypertrophic, and terminal hypertrophic chondrocytes), and bone formation are formed.
In the cranial base, synchondroses, such as the sphenooccipital synchondrosis discussed
above, are similar to the growth plates of long bones except that a resting zone of
chondrocytes is present in the center surrounded by pairs of proliferating and
hypertrophic chondrocyte zones (McBratney‐Owen et al. 2008).
During this time, vascular invasion of the hypertrophic cartilage occurs, as well
as the differentiation of cells located in the inner perichondrium into osteoblasts, which
then begin to deposit bone matrix. Vascular invasion serves multiple purposes; it leads
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to chondroclast mediated degradation of the mineralized matrix and brings in
osteoprogenitor cells, which differentiate into osteoblasts, to create the primary
ossification center. Throughout this stage, there are a variety of extracellular and
nuclear factors regulating the development of the growth plate, as well as factors
involved in osteoblast differentiation.
Regulators of growth plate development include parathyroid hormone‐related
peptide (PTHrP), Indian hedgehog (IHH) and GLI family zinc finger 3 (GLI3), FGF
signaling (FGFR1, FGFR3), BMP signaling (BMPR1A, BMPR1B, SMAD1, SMAD5), WNT
proteins (WNT5A, WNTB), NOTCH signaling (NOTCH1, NOTCH2), runt domain
transcription factors 2 and 3 (RUNX2, RUNX3), histone deacetylase 4 (HDAC4),
myocyte enhancer factor 2C (MEF2C), SIK family kinase 3 (SIK3), SOX9, forkhead box
proteins (FOXA2, FOXA3), and short stature homeobox 2 (SHOX2). Regulation of
osteoblast differentiation occurring within the perichondrium, as well as following
vascularization of hypertrophic cartilage, is also necessary at this stage. Many of the
same signaling pathways involved in other stages of endochondral ossification also
regulate osteoblastogenesis. Some of these include IHH, WNT, NOTCH, BMP, and FGF
signaling pathways, while the major transcription factors regulating osteoblast
differentiation include RUNX2, Sp7 transcription factor (OSX), and activating
transcription factor 4 (ATF4).
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This section provided a general overview of the key steps of endochondral
ossification and briefly summarized some of the previously implicated biological
pathways and genes involved in bone formation which represent excellent candidate
susceptibility genes for CMI.

1.7 Treatment
PF decompression surgery is currently the only treatment for CMI (Batzdorf
2001). A typical Chiari surgery involves removing a small portion of the occipital bone,
followed by making a “Y” shaped incision in the dura mater from the suboccipital
region through the C1 vertebra and then closing the dura with a “V” shaped patch
(duraplasty) to expand the subarachnoid space below (Dr. Herbert Fuchs, personal
communication). Studies suggest that not all patients show improvement of symptoms
following decompression surgery. One report reviewed 130 pediatric patients with a
mean age of 11 years who received surgical treatment for their CMI between the years of
1979 and 2002 (Tubbs, McGirt, and Oakes 2003). All patients underwent PF
decompression surgery and removal of the posterior arch of the C1 vertebra. Additional
procedures, such as the removal of the posterior elements of C2 (0.77%) and duraplasty
(99.23%) were performed for a subset of these patients. Symptom relief was observed in
83% of the patients. A separate study examined the surgical outcome in 130 patients
with a mean age of 16 years who underwent PF decompression surgery, a C1
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laminectomy, and duraplasty between 1997 and 2003 (McGirt et al. 2006). A portion of
the posterior arch of C2 was also removed if the tonsillar herniation was below C1‐2.
Improvement in symptoms was observed for 89% of patients at one month, 71% at one
year, and 67% at two years post‐surgery. Thus, even if patients initially experience
symptom relief, the recurrence of symptoms following surgery can occur. A recent
study reviewed 371 decompression surgeries conducted between 1985 and 2010 with a
mean patient age of 40 years (Klekamp 2012). Symptomatic patients underwent a
suboccipital craniectomy, C1 laminectomy, arachnoid dissection, and duraplasty. After
3 months, 73.6% showed improvement, 21% experienced no change in symptoms, and
5.5% experienced a worsening of symptoms. Neurological symptom recurrence was
observed for 14.3% of surgeries at 5 years and 15.4% of surgeries at 10 years post‐
surgery.
It is possible that surgical outcome is a function of a variety of factors including
the criteria used to initially select patients for surgical treatment; clinical and
radiological characteristics of surgical patients; specific surgical techniques employed;
the surgeons experience; how/when surgical outcome is evaluated, among other factors.
Thus, it is challenging to directly compare surgical outcomes across studies. However,
in the studies described above, a proportion of patients did not respond to the surgical
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intervention and, in the studies that reported long term outcome, neurological symptom
recurrence was observed in a subset of patients.

1.8 Significance
CMI is an understudied disorder that affects approximately one percent of the
United States population and can cause debilitating neurologic symptoms. The only
treatment currently available is PF decompression surgery, yet it does not provide
complete symptom relief for all patients. Previous studies have established that there is
strong evidence supporting a genetic contribution for at least a subset of CMI patients,
although no genes have been identified to date, and the biological mechanism
underlying disease development is poorly understood. Thus, there is a pressing need
for more research in this field.
We are in a unique position to study the genetics of CMI as we have the largest
collection of CMI families in the world. Recognizing that CMI is a clinically and likely
etiologically heterogeneous disorder, a variety of genetic approaches can be taken to
reduce heterogeneity which should in turn improve power to localize susceptibility
genes. Furthermore, gaining better insight into the factors that may be related to disease
heterogeneity will ultimately lead to a better understanding of the underlying disease
mechanisms and could help to inform on ways to further refine the CMI phenotype.
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2. Stratified whole genome linkage analysis implicates
known Klippel-Feil syndrome genes as putative disease
candidates
2.1 Introduction
When studying the genetics of CMI, one major challenge researchers face is the
variability of clinical presentation within the CMI patient population. This clinical
heterogeneity presents as differences with respect to the pattern and severity of
symptoms, response to surgery, presence of associated conditions, age of onset, and the
extent of tonsillar herniation. As CMI is thought to be influenced by multiple genetic
and environmental factors, this clinical heterogeneity likely reflects in part an
underlying genetic heterogeneity. While this can have substantial implications during
the design stage of a genetic study, the selection of families that are genetically
homogeneous is not straight forward. One approach is to stratify families using clinical
features that may identify groups of families that share similar genetic risk factors. In
other words, reducing phenotypic variability may lead to a reduction in genetic
variability. Although the pool of candidate clinical features to use for stratification can
be quite large, previous clinical associations observed with the disorder provide some
insight into which features to select.
In this study, the largest whole genome linkage screen to date was performed
using 367 individuals from 66 nonsyndromic CMI multiplex families. Based on the
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limited evidence for linkage using the complete collection of families, a stratified whole
genome linkage analysis using the presence or absence of connective tissue disorder
(CTD) related conditions was subsequently conducted and successfully identified
putative CMI susceptibility genes in the genetically more homogeneous strata.

2.2 Materials and Methods
2.2.1 Study population
Participants were ascertained across the United States1 primarily through self‐
referral in response to advertisements on the web (e.g. Duke Center for Human Genetics
and GeneTests), mailings and/or presentations to patient support groups and physician
referral. Families were enrolled in the current study if at least two sampled individuals
were diagnosed with CMI with or without syringomyelia. Exclusion criteria included
the following: 1) families with a positive family history of a known genetic syndrome
(e.g. Ehlers‐Danlos syndrome, Marfan syndrome, Klippel‐Feil syndrome, Crouzon
syndrome, Neurofibromatosis), 2) family history of spina bifida or tethered cord
syndrome, and 3) individuals thought to have a secondary form of CMI, such as
occurring due to a brain tumor. Although syndromic families formally diagnosed with
hereditary CTDs were excluded from this genetic screen, many family members

The study coordinator, Heidi Cope, along with Jeffrey Stajich ascertained the majority of the families
included in this study.
1
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exhibited conditions such as hypermobility, mitral valve prolapse and scoliosis which
are often associated with CTDs as described in further detail below. Blood samples
were collected from affected individuals and all available connecting family members,
regardless of affection status. Additionally, study participants completed a family and
medical history telephone interview, responded to a detailed clinical questionnaire, and
submitted release forms for medical records and pre‐surgical MRIs. When possible, a
diagnosis of CMI was determined based on MRI measurements in which affection status
was defined as cerebellar tonsillar herniation of 3 mm or more for both tonsils or
herniation of 5 mm or more for either tonsil (refer to Table 1 for MRI availability). MRI
measurements were taken2 from pre‐surgical T1‐weighted brain MRIs. Herniation of the
left and right tonsils was measured from the tip of the cerebellar tonsils perpendicularly
to the foramen magnum on a sagittal image to the left and right of the midline,
respectively. All measurements were reviewed by a board certified neuroradiologist.3
In the event that appropriate pre‐surgical MRIs were not available, affection status was
based on medical records or patient report when that was the only source available.
Detailed population characteristics are provided in Table 1. All participating family

Under the supervision of Christina Markunas, some of these measurements were performed by a Duke
undergraduate student, Kaitlyn Dunlap.
3 A neuroradiologist, Dr. David Enterline, confirmed all MRI measurements taken by Christina Markunas
and Kaitlyn Dunlap.
2
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members provided written informed consent that had been approved by the
institutional review board of Duke University Medical Center.
Table 1: Population characteristics
Only considered genotyped individuals after exclusions were applied (See Methods section for
details)
bMean +/‐ standard deviation [range]
cOnly considered affected individuals
Abbreviations: CMI: Chiari Type I Malformation; No.: number

a

Description

No. Individuals

Total

367

No. Families
66

a

Number of affected individuals / family

2.77 ± 0.99 [2‐6]

b

Sex
Female
Male
CMI
Affected
Female
Male
Unaffected/Uncertain
Female
Male
Syringomyelia
Affected
CMI‐Affected
Female
Male
CMI‐Unaffected/Uncertain
Female
Male
Unaffected/Uncertain
CMI‐Affected
Female
Male
CMI‐Unaffected/Uncertain
Female
Male

31

223
144

65
61

183
124
59
184
99
85

66
60
44
61
51
53

50
47
26
21
3
2
1
317
136
98
38
181
97
84

41
40
24
19
3
2
1
65
62
53
32
60
50
53

Posterior fossa decompression surgeryc
Yes
No
Unknown
MRI data
Available
CMI‐Affected
CMI‐Unaffected/Uncertain
Unavailable
CMI‐Affected
CMI‐Unaffected/Uncertain

91
53
39

57
38
24

126
95
31
241
88
153

50
49
21
65
52
54

2.2.2 Genotyping and quality control
Blood samples were collected from study participants in EDTA tubes and DNA
was extracted4 using the AutoPure LS® DNA extraction kit with Puregene® system
reagents (Qiagen, Valencia, CA). A small amount of DNA (0.3 μg) was run on a 0.8%
agarose gel in order to assess quality and each sample was quantified using the
Nanodrop (Wilmington, DE). In total, 436 individuals from 75 families were genotyped
using Illumina Human610‐Quad BeadChips (San Diego, CA) per the manufacturer’s
instructions and chips were scanned using the Illumina iScan system (San Diego, CA).5
Due to the duration of ascertainment for this study, genotyping was performed in two
separate batches (Batch 1: 234 individuals from 40 families; Batch 2: 202 individuals from
41 families). In addition to samples from study participants, replicate samples were

DNA extractions were performed by DNA bank employees at the Duke Center for Human Genetics.
DNA was quantified and prepared by Christina Markunas and Illumina Human 610‐Quad BeadChips
were run by both Christina Markunas and laboratory analyst, Karen Soldano.
4
5
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included across sample plates and checked for mismatches. Specifically, two CMI
family (1 male, 1 female) and two Centre d’Etude du Polymorphism Humain (CEPH) (1
male, 1 female) samples were included across three 96‐well sample plates per batch in an
alternating pattern.
Quality control (QC) procedures were performed to ensure high quality data
were used for analysis. Initial quality assessment was performed separately for each
batch using the Illumina GenomeStudio genotyping module (San Diego, CA). Single
nucleotide polymorphism (SNP) data (N=585497 combined across batches 1 and 2)
quality were further assessed using PLINK v1.07 (Purcell et al. 2007) to detect deviations
from Hardy‐Weinberg equilibrium (HWE; calculated using unaffected founders),
estimate minor allele frequency (MAF; calculated using unaffected founders), and
identify Mendelian errors (Parent‐Parent‐Child (P‐P‐C)). Parent‐Child (P‐C) errors were
identified separately using custom scripts since PLINK does not examine trios with
missing parents. Additional sample quality checks in PLINK included estimating
pairwise identity by descent (IBD) in order to verify known relationships and check for
cryptic relatedness (‐‐genome; markers were pruned first), identifying Mendelian errors
as described previously, calculating inbreeding coefficients (‐‐het; markers were pruned
first), performing a multidimensional scaling analysis in order to detect population
stratification as different ethnicities could alter MAF estimates thus affecting the linkage

33

analysis (1 individual per family used; ‐‐cluster ‐‐ppc 1e‐4 ‐‐mds‐plot 2; markers were
pruned first), and checking for sex discrepancies (‐‐check‐sex).

2.2.3 Whole genome linkage analysis
All linkage analyses were performed using MERLIN 1.1.2 and MINX (MERLIN
in X) (Abecasis et al. 2002) and allele frequencies were estimated using founders only for
all analyses subsequently described. Since the underlying genetic model for CMI is
unknown, both parametric (model dependent) and nonparametric (model free) linkage
analyses were performed. For the parametric linkage analysis, an “affecteds only” low
penetrance function was used (0, 0.001, 0.001) and a rare disease allele frequency of 0.001
was assumed. An “affecteds‐only” analysis was performed because
unaffected/unknown individuals will only contribute genotypic information, while
affected individuals will contribute both phenotypic and genotypic information to the
analysis. This approach protects against misclassification of non‐penetrant individuals
within the families. In addition to the standard LOD score analysis, MERLIN also
provides estimates of the proportion of linked families (α) and the maximum
heterogeneity LOD score (HLOD) which was used to detect linkage allowing for
heterogeneity for the parametric analysis (Abecasis et al. 2002). For the nonparametric
linkage (NPL) analysis, the Sall scoring function was used which assesses IBD sharing
across subsets of affected individuals (Whittemore and Halpern 1994). In addition, both

34

the Kong and Cox linear and exponential model were applied in order to evaluate
statistical significance (Kong and Cox 1997).
For both the parametric and nonparametric linkage analysis, two‐point and
multipoint analyses were performed. In order to maintain the correct type I error rate
when conducting a multipoint analysis in families when one or both parents are
missing, the option, “‐‐rsq”, in MERLIN was implemented which allows for the
modeling of inter‐marker linkage disequilibrium (LD) between SNPs (Abecasis et al.
2002). An r2 threshold of 0.16 (Boyles et al. 2005) was selected to group SNPs into
clusters.
Prior to whole genome linkage analysis, MERLIN’s error detection option was
used to identify possible genotyping errors, such as unlikely double recombinants
(Abecasis et al. 2002). All genotypes flagged as potentially problematic were set as
missing for the linkage analysis.

2.2.4 Stratified whole genome linkage analysis
Families (N=66) were stratified based on medical record documentation or self‐
reported family history of any of the following CTD related conditions: hypermobility
(N=4), kyphosis (N=2), aneurysm (N=11), mitral valve prolapse (N=9), pectus excavatum
(N=1), scoliosis (N=15), orthostatic hypotension (N=1), supraventricular tachycardia
(N=2), heart valve disease (N=12), and/or heart murmur (N=6). In total, 34 families were
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grouped as “CTD‐positive” and the remaining 32 families were “CTD‐negative”. CTD‐
positive families had a significant history for one (47.1%), two (32.4%), three (14.7%), or
five (5.9%) of the CTD‐related conditions described above.

2.2.5 Permutation tests
A series of permutation tests were performed using custom scripts in order to
determine genome‐wide and chromosome‐wide empirically derived significance levels
for the stratified analyses conditional on the prior evidence for linkage. This was used to
assess the relationship between the increased evidence for linkage and clinical criteria
used to stratify families. For both the parametric (two‐point and multipoint) and
nonparametric (linear and exponential model; two‐point and multipoint) analyses the
following was performed: 1) The dataset was randomly split in half creating two
datasets each containing 33 families, 2) Linkage analyses were conducted using MERLIN
1.1.2 and MINX for the X chromosome (Abecasis et al. 2002) as previously described in
each set of families separately, 3) For each analysis (N=6), the maximum LOD score was
retained for each chromosome as well as genome‐wide, and 4) Steps 1 through 3 were
repeated 500 times in order to construct an empirical distribution (Ntotal=1000).
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2.2.6 Candidate gene sequencing6
Candidate gene selection for de novo sequencing was based on results from the
CTD stratified whole genome linkage analysis described below. All affected individuals
from any of the 66 linkage families that showed a positive family specific LOD score for
the peak marker on chromosome 8 (rs2446871) or chromosome 12 (rs10505755) were
selected for Sanger sequencing of growth differentiation factors, GDF6 and GDF3. In
total, 96 affected individuals from 39 families and 75 affected individuals from 28
families were initially screened for mutations in GDF6 and GDF3, respectively.
Seventeen GDF6 primer sets were designed to cover the exons (including intron‐exon
boundaries), 5’ and 3’ untranslated regions (UTR), as well as three intronic regions with
high conservation (UCSC genome browser: Placental Mammal Basewise Conservation
by PhyloP). Three GDF3 primer sets were designed to cover exons (including intron‐
exon boundaries) and 5’ and 3’ UTRs. Primer sequences, PCR conditions and kits are
described in detail (Appendices A and B). PCR amplicons and primers were sent off to
Agencourt (Danvers, MA) and GeneWiz (South Plainfield, NJ) for Sanger sequencing.
SNPs, as well as insertions and deletions (indels) were identified using Sequencher 5.0

Laboratory analyst, Karen Soldano, research volunteer, Edgar Asiimwe, and Christina Markunas designed
primers for GDF6 and GDF3. Polymerase chain reaction (PCR) was performed by Karen Soldano and Edgar
Asiimwe, and Christina Markunas was involved in trouble shooting. Amplicons were sent off for
sequencing at GeneWiz or Agencourt. Variants were called in Sequencher by both Karen Soldano and
Christina Markunas. Sequence coverage was assessed and data were summarized by Christina Markunas.
6
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(Ann Arbor, MI) and all sequences were manually inspected for each variant and indel
called. Additionally, all individuals were checked for sufficient sequencing coverage for
each amplicon. The nomenclature used to describe novel variants was based on
recommendations by den Dunnen and Antonarakis (den Dunnen and Antonarakis
2001). Bi‐directional sequencing in affected as well as unaffected family members was
performed in order to follow‐up eight identified variants that met subsequent criteria: 1)
1000 Genomes European MAF < 0.05 (Integrated Phase 1 Release v3), 2) Identified in
more than one affected individual (except two novel variants that were identified within
the same family), and 3) 1000 Genomes European MAF was less than the study
population MAF which was roughly estimated using all affected family members.

2.3 Results
2.3.1 Genotyping quality
Out of the 592,532 SNPs genotyped on the Illumina Human610‐Quad BeadChips
(San Diego, CA), 7544 (1.3%) and 6835 (1.2%) SNPs were excluded from batches 1 and 2,
respectively, due to call rates < 98%, presence on chromosomes 24‐26, high replicate
error rate, as well as Illumina specific quality metrics including AB T Mean, AB R Mean,
cluster separation, among others. Within each batch, replicate reproducibility rates
exceeded 99.999% and all samples, except for one of the CEPH samples in batch 2, had a
call rate > 99%. Additional SNPs were excluded with Mendelian errors in > 4% families
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(N=220), MAF < 0.05 (N=66355), HWE p < 0.001 (N=275), identical physical location
(Human genome build GRCh37/hg19; N=2), no genetic distance available from deCODE
(N=948), call present in only batch 1 (N=2445), call present in only batch 2 (N=2991), and
identical genetic position (based on two decimal places; N=290918). Genotypes for all
SNPs showing non‐Mendelian inheritance were set as missing for the entire family. A
total of 221,343 SNPs remained after filtering and were used to construct the two‐point
linkage map. From those remaining SNPs, 12056 were selected for use in the multipoint
linkage analysis using criteria such as genetic distance in order to create an evenly
spaced map and high MAF estimates resulting in increased marker heterozygosity
(Mean distance (cM) between SNPs: 0.31 ± 0.008; Mean MAF: 0.42 ± 0.09). In addition to
SNP exclusions, three individuals were excluded due to large genomic duplications
and/or regions of loss of heterozygosity detected from log R ratio and B allele frequency
plots in Illumina GenomeStudio. This ultimately resulted in a total loss of 14 individuals
due to two families that were no longer useful for linkage analysis. After additional
sample exclusions were applied, 367 individuals from 66 families remained for analysis.
Detailed sample exclusions are provided, along with the multidimensional scaling
analysis used to identify sample outliers (Appendices C and D).
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2.3.2 Whole genome linkage screen: primary analysis
Following data quality assessment, both two‐point and multipoint parametric
and nonparametric linkage analyses were conducted. Initial findings across all 66
families showed minimal evidence for linkage, with no multipoint maximum LOD
scores exceeding 2 although several two‐point LOD scores exceeded 3 across the various
models (See Table2 for summary). Although no multipoint LOD scores exceeded 2,
maximum multipoint LOD scores between 1.25 and 2 were found on 2q37.3 (Max
LOD=1.40, exponential model), 8q21.3‐q22.2 (Max LOD=1.38, linear model), 9p22.3‐p21.3
(Max HLOD=1.96, α=0.28), 9q21.31‐q22.33 (Max LOD=1.32, linear model), 12p13.31‐p13.2
(Max HLOD=1.54, α=0.25), and 18q21.33‐q22.3 (Max HLOD=1.78, α=0.22). Based on the
limited significance of these results, stratified analyses using clinical criteria were
conducted in order to reduce potential genetic heterogeneity thus improving power to
localize CMI susceptibility genes.
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Table 2: Most significant two‐point and multipoint LOD scoresa

18q22.1 (rs17079623,
rs2048329)
8q22.1 (rs2513796, rs2446871)
4q34.3 (rs17068194,
rs1380000)
1q32.2 (rs10863712,
rs4844686)
6p25.3 (rs11754896,
rs11753072)
1q32.2 (rs10863712,
rs4844686)
4q34.3 (rs17068194,
rs1380000)
9p24.1 (rs7875477,
rs17630650)
1q32.2 (rs10863712,
rs4844686)

Parametric:
dominant

All families

NPL: linear

NPL: exponential

Location (markers)b

Linkage model

Family
description

N/A

0.38

N/A
4.08
3.57

0.28

N/A

4.19

0.75

0.68

0.02

0.64

N/A

N/A

3.94

0.08

4.21

N/A

4.14

0.96

N/A

N/A

4.62

1.24

Multipoint
LODc

4.53

N/A

Emp p‐value
(CW/GW)d

5.04

Two‐point
LODc

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Emp p‐value
(CW/GW)d

The top four most significant two‐point results within each model and family subset as well as any maximum multipoint LOD score
exceeding 2 are included.
bWhen two markers are listed, the first corresponds to the marker used for the two‐point result shown. The second corresponds to the
closest marker included in the multipoint analysis.
cLOD scores exceeding 2 are bold and LOD scores exceeding 3 are bold and italicized. For the parametric model, HLOD scores are shown.
dEmpirical p‐values less than 0.05 are bold.
Abbreviations: CTD: connective tissue disorder, NPL: nonparametric linkage, LOD: logarithm of the odds, Emp: empirical, CW:
chromosome‐wide, GW: genome‐wide, N/A: not applicable

a
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CTD‐negative

CTD‐positive

1.49
0.27

9q21.31‐q22.31 (rs10746837)
9p22.3‐p21.31 (rs2840790)
Parametric:
dominant

0.35

1q32.2‐q41(rs3862952)

3.72
3.62
3.53
3.52

8q22.3 (rs12545537, rs544821)
9p24.2 (rs2181829, rs7024139)
9p23 (rs833417,rs833413)
12p13.31 (rs7963223,

0.316 / 0.928
0.383 / 0.964
0.063 / 0.966

0.156 / 0.871

1/1

1/1

1/1

1/1

0.221 / 0.979

3.65
0.87

0.275 / 0.866

4.03

1q23.3‐q24.2 (rs10494474)

0.059 / 0.573

4.44

NPL: linear

0.57

0.025 / 0.553

4.46

0.053 / 0.356
0.112 / 0.423
0.133 / 0.484

2.30
2.22
2.15

1.26
0.13
1.92

0.596 / 0.990
1/1
0.093 / 0.560

1/1

0.032 / 0.184

2.63

0.01

0.181 / 1

0.983 / 1

0.856 / 1

0.601 / 1

0.628 / 1
0.547 / 0.971

0.131 / 0.834

0.787 / 1

N/A

N/A

N/A

1.03

0.44

0.42

0.86
1.34

0.081 / 0.335
0.157 / 0.704

4.25
3.89

1q41 (rs1833036)
9p23 (rs4740551, rs933034)
7p15.3 (rs1476697, rs4719814)
18q22.1 (rs17079623,
rs2048329)
9q21.2 (rs12379174,
rs1343396)
4q34.3 (rs6836317, rs1349923)

1.63

0.053 / 0.208

4.42

0.71

0.49

0.027 / 0.150

N/A

3.14

1.16

4.53

N/A

3.18

0.61

18q22.1 (rs17079623,
rs574539)
1q32.3 (rs2165993, rs3862952)

N/A

3.22

NPL: exponential

Parametric:
dominant

17p13.3 (rs7222425,
rs9303183)
8q22.1 (rs13268209,
rs3104916)
7p15.1 (rs160346, rs310338)
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NPL: linear

NPL: exponential

0.044 / 0.491

1.06
2.06

0.145 / 0.899
1/1
0.700 / 1

3.97
0.08
2.21
0.60
1.72

8q21.3‐q22.1 (rs7013599)
17p12‐q11.2 (rs7406339)
9p24.3‐p24.2 (rs1416621)

1/1

1/1

0.487 / 0.999

0

0.074 / 0.591

4.41

0.008 / 0.070
0.027 / 0.309
0.097 / 0.366

3.04
2.37
2.29

1/1

0.414 / 1

2p16.3 (rs3792246, rs6545061)
18q22.1 (rs11151413,
rs1518022)
17p12 (rs6502282)

0.85

0.014 / 0.498

0.066 / 0.768

4.54

1.73

0.031 / 0.394

0.066 / 0.439

12p13.2 (rs7312834, rs205534)

2.09

1/1

4.69

0.63

8q22.1(rs1597301, rs6989464)

12p13.31‐p13.2 (rs6488255)

rs2377419)

2.3.3 Stratified whole genome linkage screen
Families were stratified based on a family history of CTD related conditions and
two‐point and multipoint nonparametric and parametric whole genome linkage
analyses were performed within the CTD‐negative and CTD‐positive group of families
separately. Genome‐wide results from the two‐point analyses are shown in Figure 4 and
the most significant two‐point results are included in Table 2. As expected, different
regions of the genome exhibit evidence for linkage depending on the subset of families
examined. No two‐point LOD scores under a linear model exceeded 3 within either
family subset and were therefore not included in Figure 4 or Table 2.
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Figure 4: Whole genome two‐point LOD scores obtained from stratified analysis
LOD score thresholds of 2 and 3 are indicated by the blue and red lines, respectively. A) HLOD
scores for CTD‐negative, B) HLOD scores for CTD‐positive, C) LOD scores under an exponential
model for CTD‐negative, and D) LOD scores under an exponential model for CTD‐positive
family subsets. LOD scores under a linear model are not shown as no two‐point LOD scores
exceeded 3. Negative two‐point LOD scores are set to zero. Manhattan plots were created in R
2.15.0 using modified code obtained from ʺGetting Genetics Doneʺ
(http://gettinggeneticsdone.blogspot.com/)
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Maximum multipoint LOD scores exceeding 2 within either set of families are
summarized in Figure 5 and Table 2. While no multipoint LOD scores exceeding 2 were
previously obtained when all 66 families were analyzed collectively, multiple genomic
regions now exhibit maximum LOD scores exceeding 2 and in one case exceeding 3 on
chromosome 8. Notably, the most significant two‐point LOD scores are found within
the 1 LOD down supporting intervals for regions on chromosomes 8, 9, and 12 within
the CTD‐negative group of families and regions on chromosome 1 within the CTD‐
positive group of families (Table 2).
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Figure 5: Two‐point and multipoint LOD scores obtained from stratified analysis
Only chromosomes with a maximum multipoint LOD score >2 are shown. LOD score thresholds
of 2 and 3 are indicated by the blue and red lines, respectively. Green points and lines represent
LOD scores under a linear model, blue points and lines represent HLOD scores, and red points
and black lines represent LOD scores under an exponential model. A) CTD‐positive families:
Chr1, B) CTD‐positive families: Chr9, C) CTD‐negative families: Chr8, D) CTD‐negative families:
Chr9, E) CTD‐negative families: Chr12, and F) CTD‐negative families: Chr17. Negative two‐point
and multipoint LOD scores are set to zero. Plots were created in R 2.15.0

47

2.3.4 Permutation tests
In order to assess the relationship between the CTD stratification criteria and
evidence for linkage, both genome‐wide (GW) and chromosome‐wide (CW) empirical p‐
values were obtained for both multipoint and two‐point analyses under the three
linkage models. Although no marker met GW significance, the peak marker for 8q21.3‐
q22.1 had a GW empirical p‐value of 0.07 with a highly significant CW empirical p‐value
of 0.008. Additionally, several markers from the two‐point and multipoint analyses had
CW empirical p‐values less than 0.05 as shown in Table 2. It is important to note that the
empirical p‐values derived from the permutation tests are approximate due to the fact
that these families are of different sizes and structures.

2.3.5 Candidate gene sequencing
Sanger sequencing was performed on all affected individuals from families with
a positive LOD score for the linkage peak marker in the chromosome 8 or 12 linkage
regions. The primary focus was on the most significant multipoint linkage peak found
on chromosome 8 within the CTD‐negative group of families (8q21.3‐q22.1; Max
LOD=3.04, linear model). The 1 LOD down supporting interval contained 49 candidate
genes (GRCh37/hg19, RefSeq genes). Of those, one of particular interest was Growth
differentiation factor 6 (GDF6) which is a member of the bone morphogenetic protein
(BMP) sub‐family and has been previously associated with a wide range of phenotypes
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including ocular, such as microphthalmia and coloboma, as well as skeletal, such as
Klippel‐Feil syndrome (KFS) which is characterized by fusion of any two of the seven
cervical vertebrae (Asai‐Coakwell et al. 2009; Tassabehji et al. 2008). The candidate
interval on chromosome 12 (12p13.31‐p13.2; Max HLOD=2.09) identified within a
clinically similar subset of families (CTD‐negative) also harbored a growth
differentiation factor (GDF3), mutations in which have been previously associated with
KFS (Ye et al. 2010). As CMI and KFS may be allelic disorders, both GDF6 and GDF3
were selected for candidate gene sequencing in order to identify mutations and/or rare
variants that increase susceptibility for disease.
In total, 22 SNPs, 2 insertions, and 1 deletion were found in GDF6 and 3 SNPs
were found in GDF3 (Appendix E). Of these, 6 were novel and 12 were rare (1000
Genomes European MAF < 0.05) in GDF6 and 1 was rare in GDF3. In order to validate
and establish segregation for a subset of these variants, 8 variants (7 in GDF6 and 1 in
GDF3) were selected for follow‐up sequencing (Table 3; see Methods under the
candidate gene sequencing section for selection criteria)

49

Chr

8
8
8
8
8
8
8
12

Gene

GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF3

a

Table 3: GDF6 and GDF3 selected sequence variantsa

97154593
97154813
97157223
97157413
97157811
97169735
97170374
7842587

Locationb
g.18328T>G
rs112542818
rs148861809
rs121909352
g.15169‐59T>A
g.406+2780C>T
rs140757891
rs2302516

Variant IDc
T/G
C/T
C/G
G/T
T/A
C/T
C/T
C/G

Allelesd
3ʹ UTR
3ʹ UTR
Coding‐syn
Missense
Intronic
Intronic
Intronic
Missense

Variant class

CMI / 1KG
MAFe
0.005 / NA
0.026 / 0.003
0.036 / 0.028
0.016 / 0.003h
0.005 / NA
0.010 / NA
0.021 / 0.013
0.047 / 0.024

No (1/2)
No (5/8)
No (7/10)
No (4/6)i
No (1/2)
Yes (2/2)
Yes (4/4)
No (7/11)

All Affsf,g

Yes (1/2)
Yes (2/4)
Yes (3/8)
Unknown (0/3)
Yes (1/2)
Yes (1/2)
Yes (2/10)
Yes (1/14)

Reduced Peng

Only variants which were followed‐up are shown here (See Methods section); Variants were validated by bidirectional sequencing and
all sampled affected and unaffected individuals within each identified family were sequenced
bBase pair positions based on human genome build GRCh37/hg19
cThe nomenclature used to describe novel variants was based on recommendations by the Human Genome Variation Society. Nucleotide
numbering was based on the GDF6 RefSeq genomic sequence, NG_008981.1, and intron‐exon boundaries were defined based on the GDF6 mRNA
sequence, NM_001001557.
dAlleles: Reference allele / Alternate allele
eCMI MAF estimate based on all affected family members initially screened; 1KG MAF: Based on 1000 Genomes Integrated Phase 1
Release v3: European population
fIs sharing observed across all affected individuals within each family?
gNumbers in parentheses: Numerator: number of sampled individuals carrying the variant, Denominator: total number of sampled
individuals. Only affecteds were considered for “All affecteds” and only unaffecteds/uncertains were considered for “Reduced penetrance”
hMAF estimate was not available from 1000 Genomes; MAF estimate based on the Exome sequencing project: European population
iIndividual suspected to have Chiari Malformation Type 0 is counted as ʺaffectedʺ for the purposes of this table
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Within this subset of rare and novel variants, complete sharing across affected family
members was observed with only two of the variants: 1) Novel SNP, g.406+2780C>T and
2) rs140757891. Reduced penetrance was observed for all variants of interest, except for
rs121909352 although this is likely due to the fact that DNA samples were not available
for all family members. Of particular interest is the missense variant, rs121909352
(A249E), which is a heterozygous mutation previously identified in KFS patients (Asai‐
Coakwell et al. 2009; Tassabehji et al. 2008), as well as patients with microphthalmia and
coloboma (Asai‐Coakwell et al. 2009; den Hollander et al. 2010; Gonzalez‐Rodriguez et
al. 2010). Pedigrees showing segregation of this mutation with affection status are
shown in Figure 6. Within family 9453, all individuals presenting with CMI and
syringomyelia, except for individual 2002, were heterozygous for the mutation.
Individual 2002 was found to have increased homozygosity as determined by an F
inbreeding coefficient > 4 standard deviations away from the mean and had been
previously removed from the linkage analysis. In addition, one individual presenting
with a suspected Chiari Type 0 Malformation (CM0) in family 9453 was heterozygous
for the mutation; a detailed clinical description of this individual has been provided
previously (Markunas et al. 2012). CM0 patients present with syringomyelia without
tonsillar herniation that improves following posterior fossa decompression surgery. In
family 9476, only one individual diagnosed with CMI and syringomyelia was
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heterozygous for the mutation (Figure 6); one additional individual with CMI and
syringomyelia (1004) and one individual with tonsillar ectopia (1001) did not carry the
mutation.
In addition, the two intronic variants (Novel SNP, g.406+2780C>T and
rs140757891) that are shared across all affected family members are located within
potential regulatory regions (Table 3). The novel intronic SNP (g.406+2780C>T) is located
within a predicted regulatory region for the protein, Suppressor of zeste 12 homolog
(SUZ12), based on chromatin immunoprecipitation sequencing (ChIP‐seq) data from the
Encyclopedia of DNA Elements Consortium (ENCODE) (UCSC Genome browser:
GRCh37/hg19 human assembly). The rare intronic SNP, rs140757891, is also located
within a predicted regulatory region for SUZ12 as well as the GATA binding protein 2
(GATA2) based on ChIP‐seq data from ENCODE (UCSC Genome browser:
GRCh37/hg19 human assembly). In addition, rs140757891 is part of a CpG dinucleotide
located within a predicted CpG island spanning 701 base pairs (UCSC Genome browser:
GRCh37/hg19 human assembly). When the variant allele is present the guanine (G)
becomes an adenine (A) (reverse strand). Segregation of these two intronic variants,
along with two additional novel variants (g.18328T>G and g.15169‐59T>A) found in one
of these families are provided in Appendix F.
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Figure 6: Segregation of the missense mutation, rs121909352 (A249E), in two CMI
pedigrees
A) Family 9453 and B) Family 9476. Symbols shaded in black indicate a diagnosis of CMI with or
without syringomyelia, small diamonds represent a miscarriage, and symbols shaded in grey
indicate an uncertain diagnosis. 9453‐0001 has been diagnosed with a suspected Chiari Type 0
Malformation and 9476‐1001 has been diagnosed with tonsillar ectopia. “+/+” indicates
homozygous for the reference allele; “+/‐“ indicates heterozygous for the variant allele.
Sequences were generated in both the forward and reverse direction and are shown below each
sampled individual. Progeny 8 (Delray Beach, FL) was used to construct the pedigrees and
Sequencher 5.0 (Ann Arbor, MI) was used to create the chromatograms
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2.4 Discussion
In order to gain a better understanding of the genetic architecture of CMI, a
whole genome linkage screen using a collection of 66 nonsyndromic families with at
least two sampled individuals presenting with CMI with or without syringomyelia was
conducted. It was hypothesized that the limited evidence for linkage across all 66
families collectively was due to genetic heterogeneity and may be associated with the
phenotypic variability observed. Based on the co‐occurrence of CMI and CTDs, families
were stratified by CTD related conditions in order to identify phenotypically and
potentially genetically more homogeneous groups of families for linkage analysis.
Stratified analyses identified multiple genomic regions showing increased evidence for
linkage consistent with reduced genetic heterogeneity across families as a result of the
CTD related stratification criteria. Furthermore, several plausible disease genes were
identified as discussed in detail below.
Prior to describing the most significant results, it is important to relate these
findings to the only other whole genome linkage screen conducted to date which
implicated regions on chromosomes 9 and 15 (Boyles et al. 2006). The current study
only identified suggestive evidence for linkage to the region on chromosome 9 within
the CTD‐positive group of families. Importantly, 12/66 of our total families and 7/34
CTD‐positive families overlap with the families used in the initial screen conducted by
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Boyles and colleagues; therefore, these results do not provide independent replication
for this region. Lack of replication for chromosome 15 could be due to the use of: 1)
different genotyping chips (Illumina Human610‐Quad BeadChips versus Affymetrix
10K SNP Chip) and marker quality control procedures, 2) different linkage software
packages (Merlin versus Allegro) and genetic models, 3) additional families which are
likely genetically heterogeneous, and/or 4) different analytical approaches (stratified
analyses). While the original finding could be a false positive, it is equally possible that
as additional families are collected and other approaches to reduce genetic heterogeneity
are applied to the data this region may present again as a promising candidate genomic
interval warranting follow‐up.
While linkage results were presented within the subsets of both CTD‐positive
and CTD‐negative families, the focus of the current study has been on the CTD‐negative
families as these are thought to represent more “classical” CMI due to cranial
constriction and also resulted in the identification of the only genomic region with a
maximum LOD score exceeding 3. The most significant of these findings implicated the
growth differentiation factors, GDF6 and GDF3, both of which had been previously
implicated in KFS (Asai‐Coakwell et al. 2009; Tassabehji et al. 2008; Ye et al. 2010) which
is characterized by cervical vertebral fusion and may be associated with a wide range of
conditions including renal abnormalities, cardiovascular abnormalities, orthopedic

55

anomalies, pulmonary problems, deafness, and synkinesia (Kim et al. 2010).
Interestingly, roughly 3‐5% of CMI patients are diagnosed with KFS (Milhorat et al.
1999; Tubbs et al. 2011), suggesting a shared genetic etiology between these disorders.
Further, it has been proposed that KFS and CMI should be classified as post‐otic neural
crest syndromes, thus sharing a common cellular etiology (Matsuoka et al. 2005).
Although the exact relationship between these disorders is unknown, one possibility is
that CMI and KFS may be allelic disorders. In order to investigate this possibility, GDF3
and GDF6 were sequenced in a collection of CMI patients from the linkage families.
While GDF3 still presents as an intriguing biological candidate and additional
sequencing of potential regulatory elements may yield putative disease variants, no
variants of obvious significance were identified in this study. However, several
interesting variants were identified in GDF6. A previously identified KFS mutation,
A249E (rs121909352), was found in two of the CMI families. The functional effect of this
mutation has been determined previously in‐vitro. Asai‐Coakwell and colleagues
evaluated changes to bone morphogenetic protein (BMP) signaling by co‐transfecting an
expression construct with the A249E mutation and a Sex determining region Y‐box 9
(SOX‐9)‐responsive reporter gene into primary limb mesenchymal cells and assessed
SOX‐9 reporter activity (Asai‐Coakwell et al. 2009). Reduced activation of the reporter
was observed (p<0.034), suggesting altered chondrogenic potential (Asai‐Coakwell et al.
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2009). In addition, a 23% reduction in secreted mature GDF6 protein expression was
observed for the mutant as determined by Western blot analysis (Asai‐Coakwell et al.
2009).
Although there is evidence for a functional effect, the expression of A249E is
complex with previous evidence of pleiotropy (ocular versus skeletal phenotypes),
variable expressivity (e.g. coloboma versus microphthalmia), and reduced penetrance
(Asai‐Coakwell et al. 2009). Consistent with these reports, variable expressivity within
our CMI families was also observed (CMI with syringomyelia versus CM0). In fact, the
identification of A249E in both CMI and a suspected CM0 individual within the same
family (9453) further supports the hypothesis that these disorders share an underlying
genetic basis and represent part of a continuum of Chiari phenotypes (Bogdanov et al.
2004; Iskandar et al. 1998; Markunas et al. 2012; Tubbs et al. 2001; Tubbs et al. 2004b).
Although A249E is not necessary to cause disease in either of these CMI families, it still
likely contributes to disease presentation together with additional genetic and
potentially environmental factors.
Additional variants of interest from this study include two intronic GDF6
variants, rs140757891 and a novel SNP, g.406+2780C>T. ChIP‐seq data from a small
number of cell lines indicate that both variants are located within regions of GDF6 that
overlap with regions of SUZ12 binding. SUZ12 is a polycomb protein involved in
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epigenetic silencing of developmental genes. Interestingly, haploinsufficient SUZ12
mice exhibit cerebellar herniation, as well as spina bifida, an enlarged brainstem, and
occipital cortical changes (Miro et al. 2009). Although these clinical features appear to be
due to an enlarged tectum and only demonstrate partial clinical similarity with CMI,
Miro and colleagues suggest that an additional link between SUZ12 and central nervous
system disorders may come from neurofibromatosis 1 (NF1), a disorder characterized by
the development of neurofibromas and the presence of café‐au‐lait spots (Miro et al.
2009). SUZ12 and NF1 are located within 560 kb of each other on chromosome 17 and
while most NF1 patients have point mutations in NF1 some harbor larger genomic
deletions that encompass NF1 as well as other genes, including SUZ12 resulting in a
more severe clinical presentation (Miro et al. 2009). Roughly 5% of CMI patients present
with NF1 (Tubbs et al. 2011) and it has been previously suggested that these two
disorders may share an underlying genetic basis (Tubbs et al. 2004a). Remarkably,
within the same group of families that showed increased evidence for linkage to the
region containing GDF6 (CTD‐negative) suggestive evidence for linkage to 17p12‐q11.2
(Max LOD=2.37, CW emp p‐val=0.03) was also observed which contains both SUZ12 and
NF1 providing further support for a potential role in disease development.
While encouraged by these findings, there are several limitations of this study.
First, because strict eligibility criteria were enforced (exclusion of syndromic cases) and
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families were required to have multiple affected individuals, the total number of
families eligible for the study was low and likely contributed to reduced power.
However, despite the relatively small sample size, the number of families examined was
almost three times as large as the collection of families used in the only other whole
genome linkage screen published to date (Boyles et al. 2006). Second, MRIs were not
available for all study participants thus misclassification of affection status cannot be
ruled out. Importantly, none of these analyses used phenotype information from
“unaffected” family members (i.e. affecteds‐only analysis), thus the greatest impact of
potential misclassification would be if individuals were incorrectly classified as affected.
Furthermore, clinical information used for the stratified analysis was mostly ascertained
through a general medical interview upon enrollment in the study; therefore,
misclassification of families as CTD‐positive or CTD‐negative is possible. Nevertheless,
our data suggest that the increased evidence for linkage observed for the stratified
analysis based on CTD related conditions is non‐random in some cases (e.g. 8q21.3‐
q22.1: GW emp p‐val= 0.07, CW emp p‐val= 0.008). This observation would seem
unlikely if a high degree of misclassification existed.
Future work will include sequencing GDF3 and GDF6 in a larger cohort of
sporadic and familial CMI cases. Furthermore, the distant regulatory elements
previously identified for GDF6 (Mortlock, Guenther, and Kingsley 2003; Portnoy et al.
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2005; Reed and Mortlock 2010) represent excellent candidate regions for future de novo
variant detection. In addition, targeted capture and next generation sequencing of
candidate genomic intervals defined by linkage analysis or whole genome sequencing
would be an obvious next step to comprehensively follow‐up these findings. Finally,
taking a more quantitative approach to disease, for example by focusing on cranial base
morphometrics, may yield greater insight into the genetic etiology due to increased
statistical power and reduced misclassification rates among individuals.
The current study demonstrates the utility of using clinical stratification to
reduce genetic heterogeneity in CMI by identifying genomic regions showing increased
evidence for linkage with maximum LOD scores exceeding 2 and even 3, as well as
having implicated credible candidate genes in CMI susceptibility. Although further
work is necessary to confirm the involvement of these genes and individual sequence
variants in the development of CMI, this work makes several important contributions to
the field of CMI research: 1) The largest whole genome linkage screen to date was
conducted providing multiple candidate intervals for future investigation and
replication, 2) The results suggest a relationship between CTD related conditions and
genetic etiology which is consistent with the hypothesis that CMI with CTDs versus CMI
without CTDs occur through different mechanisms (“cranial settling” versus “cranial
constriction”), 3) Multiple biological candidates were implicated from the analysis,
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including the only two GDFs currently known to be associated with KFS suggesting a
shared genetic etiology between CMI and KFS. This is consistent with the fact that KFS
is known to co‐occur with CMI and share a common cellular etiology, 4) Identified a
known KFS missense mutation in two of our families that is not necessary for disease
but likely contributes to the phenotype due to its rare frequency in the general
population, known functional effect in vitro, and the fact that it has been identified in
multiple skeletal and ocular disease cohorts, and 5) Identified two potential regulatory
variants (one novel, one rare) shared across all affected individuals in the families they
were identified in and located within predicted regulatory regions for SUZ12 which
itself is an excellent candidate gene for CMI. Further investigation of GDF3 and GDF6,
other plausible biological candidates such as SUZ12 and NF1, as well as the genetic
relationship between CMI and KFS is warranted.
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3. Genetic evaluation and application of posterior cranial
fossa traits as endophenotypes
3.1 Introduction
As previously described, CMI is a phenotypically heterogeneous disorder with
patients exhibiting high degrees of variation with respect to symptom presentation, age
of disease onset, presence of associated conditions, and response to surgery. This
phenotypic heterogeneity may be related to etiologic variability, or the presence of
multiple environmental and genetic factors contributing to disease. Endophenotypes, or
quantitative intermediate phenotypes have been widely applied in the psychiatric
literature (Gottesman and Gould 2003) and can be a powerful tool to help address
phenotypic heterogeneity by being more directly related to the underlying disease
mechanism and etiologic factors as compared to the qualitative disease outcome.
Candidate endophenotypes should be heritable, quantitative, and associated with the
disease. Cranial base morphological traits, such as PF measurements, represent
excellent candidate endophenotypes for CMI. PF traits are relevant to the primary
disease mechanism and are therefore more likely to be strongly associated with
underlying genetic factors than the qualitative disease outcome which is complicated by
phenotypic heterogeneity and a lack of consistent diagnostic criteria. Furthermore, PF
measurements have been shown to vary across CMI patients grouped according to the
presumed cerebellar tonsillar herniation mechanism (Milhorat et al. 2010), suggesting
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that use of appropriate PF traits in stratified analyses may identify mechanistically and
perhaps etiologically similar families, ultimately resulting in increased power to identify
disease genes.
In the present study, a comprehensive genetic evaluation of a series of PF traits
was first carried out to determine which components of the PF were heritable.
Candidate endophenotypes, as defined by those PF traits that were both heritable and
associated with CMI, were then selected for use in ordered subset analysis (Hauser et al.
2004) to further refine the previously conducted whole genome linkage screen (Chapter
2) and increase power to identify disease genes. The approach used in this study was
motivated by several key factors: 1) CMI is a heterogeneous disorder, as is evident by
the extent of phenotypic variability observed across patients (phenotypic heterogeneity)
and the initial lack of statistical evidence from the previous whole genome linkage
screen when the complete collection of families was used as described in Chapter 2
(likely due to genetic heterogeneity), 2) Using the same set of families, stratified linkage
analyses using clinical criteria related to proposed mechanistic differences between
patients led to a significant increase in evidence for linkage to multiple genomic regions
and the successful identification of several convincing biological candidates (Chapter 2),
and 3) PF plays a role in CMI susceptibility and previous work suggests that specific PF
traits may be used to differentiate CMI patients with different underlying disease
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mechanisms. Importantly, this study found that the use of heritable, disease‐relevant PF
traits in OSA led to the identification of several genomic regions showing increased
evidence for linkage as well as several promising candidate genes which will be
discussed in detail along with their potential association with the PF trait of interest.

3.2 Materials and Methods
3.2.1 Patient population
Study population characteristics and ascertainment for the study have previously
been described in detail (Chapter 2). Briefly, families were enrolled if at least two
individuals presented with CMI with or without syringomyelia. Families with a
positive history of a genetic syndrome previously associated with CMI or individuals
thought to have secondary forms of CMI were excluded. All available pre‐surgical brain
MRIs were collected on affected and unaffected family members. In total, 120 MRIs
were obtained from 92 affected and 28 unaffected individuals from 50 families (Mean
age at MRI=29.23 ± 19.05 years; 83 females and 37 males). A diagnosis of CMI was made
based on MRI measurements in which affection status was defined as cerebellar tonsillar
herniation of 3 mm or more for both tonsils (Barkovich et al. 1986) or herniation of 5 mm
or more for either tonsil (Aboulezz et al. 1985). If MRIs were unavailable, a diagnosis
was based on medical records, followed by patient report. All participating family
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members provided written informed consent that had been approved by the
Institutional Review Board of Duke University Medical Center.

3.2.2 Posterior cranial fossa measurements
Using a team‐based approach, two trained researchers1 took a series of PF
measurements from the sagittal midline of a T1‐weighted MRI, unless described
otherwise (Figure 7). All measurements were verified by a board certified
neuroradiologist.2

Under the supervision of Christina Markunas, some of these measurements were performed by a Duke
undergraduate student, Kaitlyn Dunlap.
2 Dr. David Enterline confirmed all MRI measurements taken by Christina Markunas and Kaitlyn Dunlap.
1
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Figure 7: Posterior cranial fossa measurements taken from the midline of a sagittal,
T1‐weighted MRI
A1 through A5 shown in red indicate the regions in which area was estimated. Additional
measurements not explicitly labeled include a) basal angle (BASAL_ANG), b) boogaard angle
(BOOG_ANG), c) occipital angle (OCC_ANG), d) tentorial angle (TENT_ANG), e) basion to
reference (BASTOREF), f) opisthion to reference (OPISTOREF), g) trapezoid height
(TRAPHEIGHT), and h) tentorium to reference (TENTTOREF). Abbreviations: TENT_OPEN=
tentorial opening, TENT= tentorium, OCC= supraoccipital bone, FM= foramen magnum, PFH=
posterior fossa height, and HERN= cerebellar tonsillar herniation.

Herniation of the left and right tonsils was measured by a line drawn from the tips of the
cerebellar tonsils perpendicularly to the foramen magnum on a sagittal image to the left
and right of the midline, respectively. Four cranial base angle measurements were
made: 1) Basal angle: angle between a line extending from the basion to the center of the
sella turcica and a line extending from the sella turcica to the nasion, 2) Boogaard’s
angle: angle between the clivus and the foramen magnum, 3) Occipital angle: angle
between the supraoccipital bone and the foramen magnum, and 4) Tentorial angle: angle
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between the supraoccipital bone and the tentorium. The length of the clivus was
defined by a line drawn from the basion to the top of the dorsum sella. A line created
from the basion to the opisthion determined the anterior posterior distance of the
foramen magnum. The supraoccipital bone was measured from the opisthion to the
center of the internal occipital protuberance. The tentorium was defined by a line
extending out from the center of the internal occipital protuberance to just posterior of
the vein of Galen. The line connecting the tip of the tentorium to the top of the dorsum
sella was described as the ‘tentorial opening’. PF height was determined by a line
extending from the tip of the tentorium perpendicularly to the level of the foramen
magnum.
The tentorial opening, tentorium, supraoccipital bone, foramen magnum, and
clivus were used as borders to estimate PF area (PFA). In order to evaluate the PFA, a
reference line was first created by drawing a line from the top of the dorsum sella to the
center of the internal occipital protuberance. Subsequently, four additional
measurements were made: 1) line drawn perpendicularly from the basion to the
reference line (BasToRef), 2) line drawn perpendicularly from the opisthion to the
reference line (OpisToRef), 3) line drawn perpendicularly from the tip of the tentorium
to the reference line (TentToRef), and 4) distance between BasToRef and OpisToRef
along the reference line (Trapheight) (Figure 7). The area corresponding to the top of the
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PF (above the reference line) was estimated by the sum of areas 4 and 5, the area
representing the bottom of the PF (below the reference line) was estimated by the sum of
areas 1, 2, and 3, and the total PFA was estimated as the sum of areas 1 through 5
(Figure 7).
Summary statistics and a Pearson correlation matrix for the PF traits were
calculated using SAS 9.3 (Cary, NC).

3.2.3 Principal components analysis
Since a large number of PF traits are moderately to highly correlated with one
another, principal components analysis (PCA) was performed in order to create a
smaller number of uncorrelated, composite traits as has been done previously, for
example, with skeletal traits (Chase et al. 2002) and metabolomic data (Shah et al. 2009).
Prior to performing PCA, outliers as defined by > 4 standard deviations away from the
mean were first excluded. Studentized residuals were then calculated for each PF trait
from linear regression models adjusted for age at MRI, measurer, and sex using SAS 9.3
(Cary, NC). For PCA, most PF traits were included (Nincluded=15/26) with the following
exceptions: only one of the cerebellar tonsillar herniation measurements (maximum
herniation) and none of the area estimates were incorporated. PCA was performed
using proc factor (method=p) in SAS 9.3 (Cary, NC) with the studentized residuals as
input. The top PCs were retained for further analysis based on the Kaiser criterion

68

(eigenvalue > 1). Varimax rotation was performed in order to aid in the interpretability
of the PCs. PF traits with a rotated factor load ≥ |0.4| were assigned to each PC as the
primary contributors. Component scores were computed and kept in order to estimate
heritability as described below.

3.2.4 Heritability estimates
Heritabilities of all PF measurements as well as the PCs with an eigenvalue > 1
were estimated using SOLAR 4.2.0 (Almasy and Blangero 1998). As was performed
prior to PCA, outliers for each individual PF measurement were identified as defined by
> 4 standard deviations outside of the mean and removed prior to the heritability
analysis. This resulted in only three PF measurements, each from different individuals,
being excluded. Once outliers were removed if the raw trait values resulted in a
residual kurtosis within the normal range, they were left untransformed for the
heritability analysis (56.25% PF traits). For several of the remaining traits, a natural log
transformation alone was not sufficient in order to achieve a residual kurtosis within the
normal range, thus one of the following was performed: 1) removed 1‐4 extreme values,
or 2) removed 1 extreme value followed by a natural log transformation if the first
approach was unsuccessful. 43.75% of the PF traits needed one (9.38%), two (9.38%),
three (3.13%), or four (12.50%) extreme values removed. After the removal of 1 extreme
value for left herniation, maximum herniation, and minimum herniation, a constant (10)
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was added prior to performing a natural log transformation. Natural‐log transformed
values were then multiplied by a factor of 12 in order to achieve a standard deviation >
0.5.
For the heritability analysis, the polygenic command in SOLAR was used which
provides an estimate of the total additive genetic heritability (Almasy and Blangero
1998). For individual PF traits, the heritability analysis included age at MRI, sex,
affection status, and measurer as covariates. For the PCs, the heritability analysis only
adjusted for affection status since variation due to age at MRI, sex, and measurer had
previously been removed as described above. In order to reduce the potential for
ascertainment bias, ascertainment was corrected for by conditioning on the proband for
all analyses (Almasy and Blangero 1998).
A bivariate polygenic analysis was also conducted in SOLAR 4.2.0 for select
traits. SOLAR uses a maximum likelihood variance decomposition method in order to
estimate genetic and environmental correlations between two quantitative traits
(Almasy, Dyer, and Blangero 1997). This approach was used to estimate the genetic
correlation between candidate traits selected for use in the ordered subset analysis
(OSA) described below.
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3.2.5 Ordered subset analysis
As previously described, a whole genome linkage screen using 367 individuals
from 66 families presenting with nonsyndromic CMI with or without syringomyelia was
conducted. Detailed study design, quality control procedures, and analytical methods
were described in Chapter 2. Briefly, family members were genotyped using the
Illumina Human610‐Quad BeadChips (San Diego, CA). Two‐point and multipoint
parametric and nonparametric linkage analyses were conducted using Merlin 1.1.2 and
MINX (MERLIN in X) (Abecasis et al. 2002). For the nonparametric analysis (NPL), the
Sall scoring function was used to assess IBD sharing across subsets of individuals
(Whittemore and Halpern 1994). In order to evaluate statistical significance, both the
Kong and Cox linear and exponential model were applied (Kong and Cox 1997),
although only the linear model will be used in the present study.
As genetic heterogeneity can negatively impact a linkage screen, this study
sought to reduce potential heterogeneity across the collection of families by performing
an ordered subset analysis (Hauser et al. 2004) using PF traits that were found to be both
significantly heritable and associated with affection status (nominal p‐value < 0.05). As
previously described by Hauser, et al. (Hauser et al. 2004), families were ordered using a
trait‐related covariate (e.g. PF traits) to identify a subset of families providing maximal
evidence for linkage. A permutation test was then performed to assess the significance
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of the increased evidence for linkage provided by the subset of families (Hauser et al.
2004).
For individual PF traits, a single covariate value for each family was calculated as
follows: 1) Studentized residuals were calculated for each PF trait from linear regression
models adjusted for age at MRI, measurer, and sex using SAS 9.3 (Cary, NC), and 2) A
family‐level value was calculated by taking the median across affected family members;
a single value was used if only one affected individual was available. For the composite
PF traits (PCs), family‐level values were calculated by taking the median of the
component scores across affected family members; a single value was used if only one
affected individual was available.
OSA was performed using multipoint NPL partial LOD (pLOD) scores obtained
under a linear model and PF trait values for each family were used to rank families in
both ascending and descending order.

3.3 Results
3.3.1 Principal components analysis
Descriptive statistics of the individual PF traits after outlier removal can be
found in Table 4.
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Table 4: Summary of MRI measurements
Abbreviations: MRI: magnetic resonance image; Min: minimum; Max: Maximum; Std dev:
standard deviation; mm: millimeter; cm: centimeter; °: degree
MRI Measurement
Right herniation (mm)
Left herniation (mm)
Minimum herniation (mm)
Maximum herniation (mm)
Foramen magnum (mm)
Tentorium (mm)
Supraoccipital bone (mm)
Clivus (mm)
Tentorial opening (mm)
Posterior fossa height (mm)
Basion to reference (mm)
Opisthion to reference (mm)
Tentorium to reference (mm)
Trapezoid height (mm)
Tentorial angle (°)
Occipital angle (°)
Basal angle (°)
Boogaardʹs angle (°)
Area1 (mm)
Area2 (mm)
Area3 (mm)
Area4 (mm)
Area5 (mm)
Posterior fossa area (PFA) (cm)
PFA above reference line (mm)
PFA below reference line (mm)

N
118
119
120
120
120
120
120
120
119
120
120
120
120
120
120
120
116
119
120
120
120
120
120
119
120
120

Min
0
0
0
0
27.9
38.86
20
24.5
37.7
40
19.5
16
19
27.2
73
105
110
106
144.62
557.6
96
208.13
345.15
146.46
553.28
911.35

Max
26.5
28.4
26.5
28.4
46
62.4
51
53
68
80.9
44
40
45
46.7
111.79
147.19
145
148.59
702.25
1656
650.25
1147.06
918.7
390.05
1934.24
2678.44

Mean
7.30
7.20
6.45
7.94
37.79
48.61
38.48
40.94
55.22
61.06
32.88
30.70
29.69
37.48
92.44
129.33
127.96
124.06
398.33
1193.44
353.01
685.14
568.72
320.00
1253.86
1944.78

Std dev
6.09
6.12
5.79
6.28
3.02
4.72
4.69
4.86
5.20
5.56
4.67
4.06
4.40
3.04
7.59
8.01
6.08
8.51
92.45
182.07
91.43
133.76
112.93
35.49
208.64
272.66

PCA was performed using studentized residuals obtained for each of the 15 PF traits
from linear regression models as described in Materials and Methods. The top six PCs
with an eigenvalue > 1 were retained for further analysis. Collectively these PCs account
for 86.8% of the total variation in the traits. In order to aid in the interpretation of the
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PCs, a visual representation of each of the top six PCs is provided highlighting the top
weighted PF traits (Figure 8).

Figure 8: Visual representation of the top six principal components
Posterior fossa traits with a rotated factor load ≥ |0.4| are highlighted in red (weight>0) or green
(weight<0). Top six principal components (PC): A) PC1, B) PC2, C) PC3, D) PC4, E) PC5, and F)
PC6.

3.3.2 Heritability estimates
A summary of the results from the heritability analysis is shown in Table 5. In
order to account for multiple testing, a bonferroni correction was applied to the data
(Table 5). However, as many of the traits are moderately to highly correlated with one
another (Appendix G), this is an extremely conservative approach thus findings should
be interpreted accordingly.
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Table 5: Heritability analysis of posterior fossa traits
Table shown in descending order by H2 pval
Nominal p‐values < 0.05 are shown in bold. Tests meeting a conservative bonferroni correction
for 32 comparisons are underlined (p<0.0016).
Abbreviations: PF: posterior fossa; PFA: PF area; PC: principal component; H2: heritability
estimate; H2 SE: standard error on heritability estimate; pval: p‐value; CMI: Chiari Type I
Malformation; N/A: not applicable; ref: reference; Ind: measurer
Trait

H2

H2 SE

H2 pval

Age pval

Sex pval

CMI pval

Ind pval

PF height
PC4
Tentorium to
ref
Area5
Basal angle
PFA above ref
PC2
Tentorium
Supraoccipital
bone
Opisthion to
ref
Boogaardʹs
angle
Area3
Tentorial
opening
PC1
PFA
Basion to ref
Area2
Trapezoid
height
PC5
PC6
PC3
Foramen
magnum
Area4
PFA below ref
Tentorial angle

0.77
0.72

0.19
0.24

1.74E‐04
1.24E‐03

0.33
N/A

0.92
N/A

1.63E‐05
9.44E‐03

0.56
N/A

0.67

0.24

1.52E‐03

0.79

0.54

0.15

0.35

0.68
0.61
0.70
0.47
0.61

0.24
0.22
0.28
0.18
0.25

1.70E‐03
2.52E‐03
3.71E‐03
4.40E‐03
6.22E‐03

0.96
0.35
0.41
N/A
0.75

0.02
0.91
0.13
N/A
6.82E‐03

0.046
0.01
0.18
0.958
0.09

0.24
0.94
0.31
N/A
0.30

0.64

0.26

8.59E‐03

0.62

0.11

0.04

0.61

0.53

0.22

0.01

0.61

0.35

2.58E‐03

0.20

0.47

0.22

0.01

0.92

0.92

0.13

0.35

0.58

0.26

0.02

0.86

0.09

0.12

0.62

0.46

0.23

0.02

0.14

0.80

0.84

0.55

0.46
0.54
0.43
0.43

0.23
0.27
0.23
0.23

0.018
0.02
0.03
0.03

N/A
0.13
0.25
0.17

N/A
0.06
0.96
0.06

0.019
4.93E‐04
2.33E‐04
4.47E‐03

N/A
0.19
0.54
0.97

0.32

0.18

0.03

0.22

3.15E‐05

0.15

0.85

0.43
0.28
0.47

0.26
0.17
0.28

0.040
0.043
0.048

N/A
N/A
N/A

N/A
N/A
N/A

0.721
1.9E‐08
0.019

N/A
N/A
N/A

0.29

0.18

0.05

0.29

1.90E‐07

0.41

0.82

0.43
0.30
0.18

0.30
0.25
0.24

0.06
0.11
0.23

0.33
0.04
0.84

0.59
0.22
0.35

0.66
1.17E‐03
0.05

0.42
0.87
0.75
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Occipital angle
Clivus
Min herniation
Left herniation
Max herniation
Right
herniation
Area1

0.08
0.04
0
0
0

0.23
0.26
N/A
N/A
N/A

0.37
0.43
0.5
0.5
0.5

0.57
2.48E‐03
0.13
0.26
0.21

0.97
0.26
0.15
0.11
0.18

0.73
2.45E‐03
4.04E‐19
7.38E‐18
7.58E‐18

2.97E‐03
0.61
0.11
0.42
0.13

0

N/A

0.5

0.07

0.13

6.38E‐13

0.03

0

N/A

0.5

8.01E‐04

0.15

5.13E‐03

0.63

When considering 29 PF traits (maximum herniation was selected to represent the four
tonsillar herniation measurements), 72.4% of the traits were found to be heritable
(nominal p<0.05). Of those found to be heritable, twelve traits were significantly
associated with affection status, including PF height, PC4, area5, basal angle,
supraoccipital bone, opisthion to reference, PC1, PF area, basion to reference, area2, PC6,
and PC3.

3.3.3 Ordered subset analysis
A summary of the significant (nominal empirical p‐value < 0.05) OSA results are
provided in Table 6.
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Table 6: Summary of ordered subset analysis results
Only results with a nominal empirical p‐value less than 0.05 are shown
Empirical p‐values that meet a bonferroni correction for 552 tests are bold and underlined;
empirical p‐values < 0.05 are bold
LOD scores ≥ 3 are bold and underlined; LOD scores ≥ 2 are bold
aPosition (Pos) refers to the maximum LOD score location in centimorgans
bCovariate refers to the PF trait used to order families for the ordered subset analysis
cOrder: H to L: families were ordered by the covariate in descending order; L to H: families were
ordered in ascending order
dThe total number of families used in the analysis varied by PF trait. In general, the total number
of available families was 49 and 47 for non‐PC and PC traits, respectively
Abbreviations: Chr: chromosome, Uncond LOD: unconditional LOD score (obtained using all
families); Max LOD: maximum LOD score (obtained using a subset of families); Perms: number
of permutations; Emp pval: empirical p‐value; Prop fam: proportion of families selected in the
subset; PF: posterior fossa
Chr

Posa

Covariateb

Orderc

Uncond
LOD

Max
LOD

22
22
22
1
13
13
13
6
14
8
10
8
14
10
22
18
6
10
19
16
23
14

50.2
52.0
52.0
182.8
126.7
128.4
128.4
168.8
125.2
30.8
163.4
99.5
52.6
161.5
49.9
92.7
181.8
65.2
9.6
83.6
127.0
51.2

PFH
AREA5
PC4
BASAL_ANG
OPISTOREF
PC3
OCC
BASTOREF
PC4
PC6
AREA5
PC6
PC4
PC4
PFA
PC6
AREA2
BASAL_ANG
BASTOREF
BASAL_ANG
OPISTOREF
AREA5

H to L
H to L
H to L
L to H
L to H
L to H
L to H
H to L
L to H
L to H
L to H
H to L
H to L
L to H
H to L
L to H
H to L
L to H
H to L
L to H
L to H
H to L

0.13
0.11
0.21
0.32
0.35
0.52
0.62
0.61
0
0.25
0
0.79
0
0
0.14
1.31
0.36
0.22
0.59
0.13
0.44
0

3.45
3.17
3.17
3.07
2.78
2.61
2.55
2.90
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1.62
2.57
2.45
2.61
1.70
2.29
2.10
3.07
2.70
2.35
2.28
2.01
2.13
1.50

Perms

Emp pval

Prop
Famsd

100000
10000
10000
5560
4620
3270
2200
1340
1090
1050
1010
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

6.0E‐05
2.0E‐04
7.0E‐04
3.2E‐03
3.9E‐03
5.5E‐03
8.2E‐03
0.013
0.017
0.017
0.018
0.018
0.019
0.023
0.025
0.026
0.027
0.031
0.034
0.034
0.040
0.041

0.41
0.24
0.26
0.43
0.43
0.34
0.65
0.37
0.40
0.51
0.33
0.55
0.23
0.19
0.35
0.38
0.37
0.32
0.61
0.23
0.29
0.20

20
13
1

79.5
128.8
182.5

PC6
PC4
OPISTOREF

L to H
L to H
H to L

0.10
0.56
0.53

1.74
2.00
2.65

1000
1000
1000

0.041
0.046
0.048

0.36
0.49
0.43

Only one result on chromosome 22 (Table 6, Figure 9) withstood a bonferroni correction
accounting for 552 tests (23 chromosomes x 12 PF traits x 2 OSA covariate orders,
ascending and descending). However, as stated previously, many of these traits are
highly correlated with one another (Appendix G) thus a bonferroni correction is
extremely conservative and should be taken into consideration when interpreting these
findings. The top three most significant OSA findings were for PF height, area5, and
PC4, all of which showed increased evidence for linkage (Max LOD > 3, emp p‐val <
0.0008) to an overlapping region on chromosome 22 (cM=50.2‐52) within a subset of
families characterized by large values for PF height, area5, and PC4. Interestingly, these
three PF traits were also among the most significantly heritable traits in the families (h2>
0.65, p< 0.002). In order to further assess the relationship among these traits, the genetic
correlation between the most significant trait, PF height, and the remaining 11 PF traits
selected for OSA was computed. Only three PF traits had a genetic correlation (ρg)
exceeding 0.75 with PF height (ρg<0.40 for all other traits): 1) PF area (ρg=0.85, standard
error (SE)=0.14), 2) PC4 (ρg=0.80, SE=0.14), and 3) area5 (ρg=0.78, SE=0.16). Although the
use of PF area as a covariate for OSA did not lead to one of the most significant findings
overall, when families were arranged in descending order by PF area increased evidence
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for linkage to the same general region on chromosome 22 was found (Max LOD=2.10,
emp p‐val=0.025, position=49.9 cM). The candidate interval identified on chromosome
22 (defined by LOD > 2) by PF height spans 10.2 Mb (GRCh37 genomic coordinates:
36590946‐46769741) and contains 205 known RefSeq genes (Based on the UCSC genome
browser; 09/26/2012).
An additional finding of interest was found on chromosome 1 (Table 6, Figure 9)
within a subset of families defined by small basal angle values (Max LOD=3.07, emp p‐
val=0.0032, position=182.8 cM). Out of the PF traits used in OSA, basal angle was the
most heritable (h2=0.61, p=0.003) following the three PF traits discussed above (posterior
fossa height, PC4, and area5). The 1 LOD down supporting interval for the chromosome
1 linkage peak spans 15.5 Mb (GRCh37 genomic coordinates: 172810806‐188302977) and
contains 112 known RefSeq genes (Based on the UCSC genome browser; 11/19/2012).
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Figure 9: Ordered subset analysis multipoint linkage plots
Black lines indicate unconditional multipoint LOD scores, blue lines indicate multipoint LOD
scores obtained in the subset of families identified through OSA, and the red dashed line
indicates a LOD=3. A) Chromosome 22: families were ordered by posterior fossa height in
descending order, and B) Chromosome 1: families were ordered by basal angle in ascending
order.
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3.4 Discussion
In Chapter 2, results from a whole genome linkage screen using 66 CMI
multiplex families were presented. The initial analysis using the complete collection of
families yielded limited evidence for linkage. Stratified linkage analyses using clinical
criteria to reduce potential genetic heterogeneity resulted in increased evidence for
linkage to multiple regions of the genome and identification of several biologically
plausible candidate genes. Motivated by this approach, the present study was carried
out in order to explore the genetic basis of several candidate CMI endophenotypes and
the use of these in a stratified linkage analysis in order to identify additional CMI
susceptibility genes. Specifically, a heritability analysis was conducted using PF traits
and those traits that were found to be both heritable and associated with affection status
were used in an ordered subset analysis (OSA).
In support of a genetic contribution to disease in patients that fit under the
classical ‘cranial constriction’ mechanism (Milhorat et al. 2010), a substantial portion of
the PF showed evidence of being heritable (p<0.05) in our families. Importantly, while
much of the PF appears to be influenced by both genetic and environmental factors,
variation in the degree of cerebellar tonsillar herniation appears to be mostly due to
environmental factors. As stated previously (Boyles et al. 2006), this is consistent with
the hypothesis that the primary disease mechanism involves a compromised PF and that
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tonsillar herniation occurs secondarily. In further support, there is accumulating
evidence suggesting that tonsillar herniation alone may not be the best criterion to use
for diagnosis as it does not correlate well with symptoms and may not be necessary to
cause disease (for review (Markunas et al. 2012)). The most significant finding from the
heritability analysis was the PF height. It was not only the most heritable trait (h2=0.77),
but was also the most significantly associated trait with affection status (p=0.00002) with
the exception of the four tonsillar herniation measurements and PC6 which would be
expected given the current diagnostic criteria for CMI. Although PF height itself does
not represent a single entity (e.g. supraoccipital bone), it likely acts as a good indicator
for the overall size and shallowness of the PF.
It is important to note that these heritability estimates differed substantially from
the previously published heritabilites estimated for a subset of the PF traits that were
examined in this study (Boyles et al. 2006). This could be due to several factors
including differences in the collection of CMI families used in the analysis (e.g.
differences in the age distribution, proportion of males and females, and/or proportion
of affected and unaffected individuals), as well as the fact that the most recent
heritability analysis controlled for several covariates including age at MRI, sex, affection
status, measurer, and ascertainment. The finding that the clivus was not heritable is,
however, somewhat surprising. The lack of significance could be potentially explained
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if age was not appropriately modeled in the analysis. The clivus is strongly associated
with age (p=0.002), consistent with the fact that the sphenooccipital synchondrosis,
which is the cartilaginous joint between the basiocciput and basisphenoid bone does not
normally close until ages 16 through 20 (Noudel et al. 2009). However, at this time the
sample size is too small to perform an age stratified analysis and explore how
heritability of the clivus might vary with respect to age. In addition, as the clivus is
comprised of the basisphenoid and the basiocciput future studies could examine these
separately rather than collectively in order to refine the analysis.
Several genomic regions were implicated from OSA, including a region on
chromosome 22 identified within a subset of families characterized by a large PF height,
area5, and PC4, all of which are positively correlated with one another. The
chromosome 22 candidate interval contains multiple interesting biological candidates,
one of which is a histone acetyltransferase, E1A binding protein p300 (EP300). EP300
and CREB binding protein (CREBBP) act as co‐activators of SRY‐box containing gene 9
(Sox9), a transcription factor involved in chondrocyte differentiation (Tsuda et al. 2003).
Disruption of the CREBBP/EP300/SOX9 complex inhibits collagen, type II, alpha 1
(COL2A1) expression and chrondrogenesis (Tsuda et al. 2003), which is an important
process preceding formation of the bones in the cranial base (endochondral ossification).
In addition, both EP300 and CREBBP have been implicated in Rubenstein‐Taybi
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syndrome (RSTS) which is associated with a wide variety of cranial‐cervical and spinal
cord complications, many of which share similar clinical features with CMI (Parsley et
al. 2011). One of the associated cranial‐cervical conditions includes a large foramen
magnum which is consistent with how this linkage interval was identified. The subset
of families showing maximal evidence for linkage to this region were defined by a large
PF height which is positively correlated with the width of the foramen magnum
(Pearson correlation coefficient=0.19, p‐value=0.03). In addition, RSTS and Chiari
Malformation have been reported to co‐occur (Kim et al. 2010; Parsley et al. 2011; Wojcik
et al. 2010). Interestingly, within a morphometrically similar subset of families (large PF
height) a slight increase in evidence for linkage was observed to a region containing the
related gene, CREBBP (N=8 families, Max LOD=1.9, Δ LOD=1.87, emp p‐value=0.05). In
addition to EP300, another gene of interest within the candidate interval on chromosome
22 is the activating transcription factor 4 (ATF4) which interacts with EP300 and
CREBBP. ATF4 plays a major role in the regulation of osteoblast differentiation and
function (Liu and Lee 2012). Interesting, activating transcription factor 3 (ATF3) is
present within a previously identified candidate linkage interval on chromosome 1 (Max
LOD=2.3) identified in families with a history of connective tissue disorder (CTD)
related conditions (Chapter 2). ATF3 plays a role in the terminal differentiation of
chondrocytes (James et al. 2006).
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In addition to the chromosome 22 candidate interval, a significant linkage peak
was identified on chromosome 1 using a subset of families characterized by small basal
angles. This region contains 112 known genes, one of particular interest is LIM
homeobox 4 (LHX4). LHX4 is a transcription factor involved in regulating the
proliferation and differentiation of pituitary cell lineages (Sheng et al. 1997), mutations
in which have been identified in patients with pituitary hormone deficiencies (Machinis
et al. 2001; Tajima et al. 2007). Interestingly, there has been one report of a patient with a
de novo missense mutation in LHX4, severe combined pituitary hormone deficiency
(CPHD), a small sella turcica, and CMI (Tajima et al. 2007), as well as an additional
report of a family that showed segregation of a splice site mutation in LHX4 with
pituitary problems, pointed cerebellar tonsils (a characteristic shared with some CMI
patients), and a poorly developed sella turcica (Machinis et al. 2001). Of further interest
is the potential link between the sella turcica and the basal angle which was used to
identify the subset of families that showed increased evidence for linkage to this region
on chromosome 1. Since the basal angle is measured as the angle between lines
extending out from the center of the sella turcica to the nasion and basion, it would seem
plausible that the small basal angles identified in this subset of families could be at least
partially due to an altered sella turcica. However, further radiological work would be
needed to truly assess this hypothesis.
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Although several plausible candidate genes were identified by restricting the
linkage analysis to subsets of families that were similar with respect to heritable,
disease‐relevant cranial base morphological traits, there are several important study
limitations to consider. First, the sample size for the analyses was relatively small. Out
of the 66 families included in the primary whole genome linkage screen, only 49 families
were useful for an ordered subset analysis due to the limited availability of MRIs. In
addition, out of those 49 families every family did not contain more than one affected
family member with an MRI available thus the family‐level covariate values used for
OSA may be strongly influenced by outliers. While this may result in reduced power,
several regions of interest were identified including one region on chromosome 22 that
remained significant even after a conservative bonferroni correction for multiple testing.
Both genetic and environmental factors contribute to variation in the cranial base
and thus likely influence risk for CMI. Importantly, tonsillar herniation which is the
gold standard by which individuals are diagnosed was not found to be heritable lending
further support to the hypothesis that tonsillar herniation may not be the best criterion
to use for diagnosis as it likely occurs secondarily, does not correlate well with
symptoms, and may not be necessary to cause disease. Future studies, particularly
genetic studies, should explore the use of additional heritable, disease‐relevant traits,
such as PF height. Although we were underpowered to perform a whole genome
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quantitative screen, PF traits were used in stratified linkage analyses yielding several
plausible candidate genes including EP300, CREBBP, ATF4, and LHX4 which are
currently being sequenced in the families. Approaching CMI as an etiologically
heterogeneous disease and using heritable, disease‐relevant PF traits rather than
cerebellar tonsillar herniation solely has the potential to yield promising results in future
genetic studies.
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4. Identification of subtypes using whole genome
expression profiles and cranial base morphometrics
4.1 Introduction
While the motivation for the present study is similar to the two previous studies
(Chapters 2 and 3), the approach adopted here differs substantially. In the previous
studies, patients were stratified into homogeneous groups based only on observable
phenotypic differences (e.g. clinical criteria or posterior fossa traits) with the goal of
reducing genetic heterogeneity and increasing power to identify disease genes within
etiologically more similar strata. In the present study, an unsupervised approach was
used to define subtypes within a case‐only population of unrelated individuals.
Furthermore, in addition to the use of cranial base morphological traits, biological
information in the form of whole genome expression profiles from CMI patient tissue
and blood samples was used to cluster patients to establish disease subtypes.
Appropriate tissue selection for gene expression analysis can be difficult,
especially for a developmental disorder and one in which limited knowledge exists
about the underlying biological mechanism. While both the age and source of the tissue
can influence gene expression, there are a limited number of non‐postmortem tissues
that can be examined for CMI due to accessibility. The most easily obtainable tissue
(dura mater) during a standard CMI decompression surgery with duraplasty was
therefore selected for whole genome expression analysis. The dura mater is the
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outermost meningeal layer surrounding the brain and spinal cord. In addition to ease of
collection from surgical patients, it may also be relevant to disease as previous studies
have reported the presence of a thickened dural band at the craniovertebral junction of
CMI patients (Arora et al. 2004; Nakamura et al. 2000), which shows evidence of
increased collagen fiber splitting and branching, as well as hyalinosis, calcification, and
ossification (Nakamura et al. 2000). Furthermore, examination of the transcription
profile of this tissue can shed additional light regarding its potential relevance since the
expression profile of dura has not been previously examined in this context.
The present study uniquely allows us to examine disease heterogeneity using
biological and radiological data both individually, as well as collectively, to define
homogeneous classes of patients or subtypes. The use of biological data alone allows us
to identify pure biological subtypes, yet still be able to correlate them with clinical and
radiological traits for additional interpretation and characterization. In comparison, the
integration of biological and radiological data during the clustering analysis places a
greater emphasis on genes and PF traits that are related and collectively establish
disease subtypes. The ultimate goal of this study is to gain insight into what factors may
be driving disease heterogeneity and to aid in the identification of potential genetic
factors that contribute to the development of CMI.
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4.2 Materials and Methods
4.2.1 Study population
Study participants were less than 18 years of age, diagnosed with CMI, and had a
malformation severe enough to warrant PF decompression surgery with duraplasty.
Eligible study participants were identified over a period of 1 year and 8 months through
Drs. Fuchs’ and Grant’s pediatric neurosurgery practices at the Duke University Medical
Center. Participation in the study involved signing consent forms for the release of
medical records and pre‐surgical brain MRIs,1 providing a blood and dura sample for
RNA extraction, and completing a clinical questionnaire. A total of 44 pediatric CMI
patients were included in this study and detailed study population characteristics are
provided in Table 7. The participation rate was high, with only 7.9% of eligible
participants declining enrollment. A decision not to participate did not affect the
patient’s ability to proceed with the surgical intervention and obtain quality clinical care.
Parents of all minor children and children aged 12 and above provided written informed
consent that had been approved by the institutional review board of Duke University
Medical Center.

1

The study coordinator, Heidi Cope, was primarily responsible for ascertainment for this study.
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Table 7: Study population description
Average age at surgery ± standard deviation

a

Description

N

Total number of individuals
Sex
Male
Female
Race
White
African American
Syrinx
Yes
No
Family history
Yes
No
Unknown
Datasets
Blood gene expression
Dura gene expression
Cranial
Clinical questionnaire

44

Age at surgery (years)a

Percentage

28
16

63.6%
36.4%

31
13

70.5%
29.6%

10
34

22.7%
77.3%

6
36
2

13.6%
81.8%
4.6%

44
44
40
36

100.0%
100.0%
90.9%
81.8%
8.89 ± 5.19

4.2.2 Posterior cranial fossa measurements
Forty of the forty four individuals had pre‐surgical T1‐weighted sagittal brain
MRIs available for measurements of the PF region. In total, 18 PF measurements were
taken and 8 separate PF areas were estimated per individual as has been previously
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described in detail (Chapter 3). All measurements were confirmed by a board certified
neuroradiologist.2 An illustration of the PF traits examined is shown in Figure 7.

4.2.3 Clinical questionnaire
A clinical questionnaire covering pre‐surgical symptom presentation, pregnancy
history, presence of associated conditions, and family medical history was provided to
participants. The questionnaire was sent to participants post‐surgery and was
completed either in a web‐based format, paper‐based format, or administered over the
phone by study personnel.3 Thirty six of the forty four individuals completed the
questionnaire at least partially and, in most cases, the parent was the informant.

4.2.4 Laboratory protocols
4.2.4.1 Sample collection and storage
All biological samples were collected in the operating room at Duke University
Medical Center during PF decompression surgery performed by one of two pediatric
neurosurgeons.4 The standard decompression surgery involves a craniectomy followed
by the creation of a “Y” shaped dural opening spanning from the suboccipital region

Dr. David Enterline reviewed all measurements taken for this study.
These questionnaires were primarily administered over the phone by the study coordinator, Heidi Cope,
although a couple of questionnaires were administered by Christina Markunas and one was administered
by the laboratory analyst, Karen Soldano.
4 All surgeries were performed by Drs. Herbert Fuchs and Gerald Grant. Although Christina Markunas
collected the vast majority of samples, study coordinator, Heidi Cope, laboratory analyst, Karen Soldano,
and dissertation advisors, Drs. Allison Ashley‐Koch and Simon Gregory, also collected some of the samples
from the operating room.
2
3
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down to the bottom of the cerebellar tonsils. The dura is then closed with a cadaveric
pericardial patch to expand the subarachnoid space beneath. During this procedure
(duraplasty), a small piece of dura mater (<5mm x 5mm) was obtained from either the
superior or lateral flap in the cranial portion of the dural opening and immediately
stored in a tube filled with 1.25 ml of RNALater (Life technologies, Grand Island, NY) at
room temperature. The tube was then placed at 4°C for 24 hours before it was moved to
‐20°C for long term storage. In addition to the collection of dura, blood was collected in
a 2.5 ml Paxgene RNA tube (Qiagen, Valencia, CA) under anesthesia from an arterial
line for intraoperative monitoring and blood draws. The Paxgene RNA tubes were
incubated at room temperature for 2 hours and then transferred to ‐20oC for long term
storage.
4.2.4.2 RNA extractions
Although patient ascertainment lasted for over a year, all samples were extracted
within one month of each other following the completion of ascertainment. RNA was
extracted from the dura using the Qiagen fibrous tissue mini kit (Valencia, CA) per the
manufacturer’s protocol. Using the OmniBead Ruptor 24 ‐ Bead Mill Homogenizer
(Omni International, Kennesaw, GA), the dura samples were first homogenized at 4°C in
2 ml Omni bead ruptor tubes prefilled with 2.38 mm metal beads and buffer RLT
(Qiagen, Valencia, CA) plus β‐Mercaptoethanol. The following machine settings were
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used to homogenize all samples: Speed of 6.3 m/s, 2 cycles of 30 seconds, and a 30
second dwell. After extraction, a DNAse digestion of the RNA eluate was performed
followed by clean‐up using the Qiagen fibrous tissue mini kit (Valencia, CA) according
to the manufacturer’s protocol for the Qiagen RNeasy mini Kit (Valencia, CA). RNA
was extracted from the blood using the PAXgene Blood RNA kit (Qiagen, Valencia, CA)
per the manufacturer’s protocol. During the protocol an on‐column DNAse digestion
was performed. Purified RNA samples from both the blood and dura were stored in
multiple aliquots at ‐80°C in order to minimize the number of freeze‐thaw cycles.
The Nanodrop (ThermoScientific, Wilmington, DE) was used to quantify the
RNA and the Agilent RNA 6000 Pico chip (Santa Clara, CA) was used to determine a
final concentration and assess quality using the RNA Integrity Number (RIN). RNA
samples were required to have a RIN exceeding 6 and a total yield of at least 50 ng for
further processing.
4.2.4.3 Whole genome expression arrays
Prior to running Illumina HT‐12 v4 Expression BeadChips (San Diego, CA), high
quality RNA was amplified and converted to biotin‐labeled cRNA. All RNA samples
were first concentrated using a vacuum centrifuge at 35°C in order to obtain the
necessary starting concentration for the Illumina TotalPrep‐96 RNA Amplification Kit
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(San Diego, CA).5 The protocol was followed according to the manufacturer’s
instructions and, in addition to the processing of patient RNA samples, three additional
controls were included in the 96 well plate: a positive control included in the Illumina
TotalPrep kit (San Diego, CA), a dura control sample (Clontech human dura matter total
RNA), and a blood control sample (Clontech human blood, peripheral leukocytes total
RNA). Quantification of the cRNA was performed using the Nanodrop
(ThermoScientific, Wilmington, DE). An RNA 6000 Pico chip (Agilent, Santa Clara, CA)
was run using a subset of representative cRNA samples with varying yield in order to
assess the overall size distribution. cRNA samples were then diluted to a concentration
of 150 ng/ul and run on Illumina HT‐12 v4 Expression BeadChips (San Diego, CA)6
according to the manufacturer’s protocol. In total, eight chips were run in one
experimental batch which included 44 blood RNA patient samples, 44 dura RNA patient
samples, and 1 blood and 1 dura control RNA sample both run in quadruplicate. An
attempt was made to distribute samples evenly across the chips according to race, age at
surgery, sex, and surgeon. Dura samples were run across four chips with the same dura
control sample run on each chip. Similarly, blood samples were run across the

RNA samples were extracted and prepared by Christina Markunas and both Christina Markunas and
laboratory analyst, Karen Soldano, processed the RNA samples using the Illumina TotalPrep‐96 RNA
Amplification Kit.
6 cRNA samples were quantified and prepared by Christina Markunas and both Christina Markunas and
laboratory analyst, Karen Soldano, ran the cRNA samples on Illumina HT‐12v4 Expression BeadChips.
5
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remaining four chips with the same blood control sample run on each chip. Sample
groups by chip and specific chip positions were kept consistent across the blood and
dura chips.

4.2.5 Data analysis
4.2.5.1 Whole genome expression quality control and data pre‐processing
Initial quality assessment of the whole genome expression data was performed
using Illumina’s GenomeStudio Gene Expression module (San Diego, CA) for the blood
and dura samples separately. Illumina system controls were checked for consistency
with expected performance. Additional control metrics such as the number of detected
genes (based on Illumina’s detection p‐value), signal intensity measures, housekeeping
gene intensity, and several sample‐independent system control metrics were assessed
for each sample to identify outliers as defined by greater than 4 standard deviations
away from the mean. In addition, technical control replicates were assessed for
consistency.
Raw expression data were log2‐transformed followed by quantile normalization
using the R package, lumi (Du, Kibbe, and Lin 2008). The least variable probes as
defined by the 75th percentile of the distribution of coefficient of variation (CV) values
were then removed to reduce noise using R 2.15.0 (NProbesRemaining=11804). In order to
identify sample outliers and assess sample relationships, principal components analysis
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(PCA) was performed using prcomp in R 2.15.0 and samples were plotted using the first
two and three PCs (plot3d package in R 2.15.0). This was performed both with and
without the inclusion of control blood and dura technical replicates. Sex of the samples
was confirmed by assessing the Y chromosome gene expression probes and confirming
that samples clustered on the basis of reported sex after running PCA using prcomp in R
2.15.0.
4.2.5.2 Sparse k‐means clustering
Prior to clustering analyses, studentized residuals were calculated for each
expression probe from linear regression models adjusting for age at surgery, sex,
neurosurgeon, and race using SAS 9.3 (Cary, NC) so that sample classes would not be
identified solely based on these factors. Completion of a preliminary clustering analysis
led to the observation that initial dura RNA quality assessed by the RIN was associated
with some of the identified classes. Thus, the dura gene expression data were further
adjusted by also including the RIN as a covariate in the linear regression models. In
order to exclude the effects of age, sex, and race on MRI measurements, each PF trait
was regressed on age at MRI, race, and sex and only the studentized residuals were
considered for the clustering analysis. In order to avoid missing values, left and right
herniation were removed from the analysis (Ntotal=24).
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Sparse k‐means clustering (Witten and Tibshirani 2010) was used to identify
patient subtypes or classes from the blood whole genome expression data, dura whole
genome expression data, and PF trait data separately. Standard k‐means clustering
groups objects into a pre‐defined number of k classes without feature selection such that
the within sum of squares is minimized. Sparse k‐means clustering differs from the
standard approach in that it adaptively selects a subset of features (e.g. gene expression
probes or PF traits) to cluster the objects (e.g. patients). Specifically, a weighted between
cluster sum of squares (BCSS) is maximized conditional on feature weight restrictions.
Note that when all features are given equal weights sparse k‐means clustering reduces
to standard k‐means clustering. In sparse k‐means clustering each feature is given a
non‐negative weight and depending on the magnitude of the tuning parameter, a
proportion of the features will be given a weight of zero indicating that they do not
contribute to the clustering (i.e. sparsity was enforced). The optimal tuning parameter
and number of k classes are determined by identifying which combination produces the
largest gap statistic which assesses the overall strength of the clustering compared to
clustering of the data when the objects are independently permuted within each feature
(null data) (Witten and Tibshirani 2010). More specifically, the gap statistic represents
the logarithm of the difference between the observed BCSS and the expected BCSS. In
general, sparse clustering has a number of potential advantages including increased
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interpretability of findings as a result of feature specific weights and a reduction in noise
leading to tighter clusters due to the removal of features that do not contribute to class
discrimination.
Prior to the clustering analysis, arrays were first standardized (μ=0, σ=1). The R
package, sparcl (Witten and Tibshirani 2011), was then used to implement sparse k‐
means clustering using the squared Euclidean distance as the dissimilarity measure
between objects, 20 random starts and a maximum of 20 iterations of the k‐means
algorithm. For each value of k tested (k=2‐5), 50 tuning parameter values were assessed.
The optimal k/tuning parameter combination was determined based on the maximal
gap statistic (Npermutations=25). Increasing the number of permutations to 100 did not
substantively alter the results (data not shown). Assuming the gap statistic follows a
standard normal distribution, an approximate p‐value (pnorm) and a 95% confidence
interval (CI) were generated using R 2.15.0. In order to visualize the sample classes
determined from the sparse k‐means clustering analysis, PCA using prcomp in R 2.15.0
was performed using weighted features as input; feature weights were determined from
the sparse k‐means analysis.
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4.2.5.3 Integrative sparse k‐means clustering7
The identification of patient subtypes or classes were also determined from the
following analyses integrating multiple data types: 1) Dura gene expression and PF trait
data, 2) Blood gene expression and PF trait data, and 3) Dura gene expression, blood
gene expression, and PF trait data. Sparse k‐means clustering was performed as
described above, but extended to accommodate the inclusion of multiple distinct
datasets. The clustering analysis was modified as follows: 1) Prior to clustering, each
dataset was scaled to have the same total weighted sum of squares (within cluster sum
of squares plus between cluster sum of squares), 2) The tuning parameter, which
determines the degree of sparsity, was adjusted relative to the number of features in
each dataset, and 3) The gap statistic was used as described above, except that objects
were permuted within each dataset rather than within each feature. Integrative
clustering relies on joint structure across datasets, rather than individual dataset
structure. To be consistent with the sparse k‐means clustering applied to individual
datasets, k values of 2 through 5 each with 50 tuning parameter values were assessed for
each of the integrated analyses. Inference for the gap statistic, as well as the

The extension of the sparse k‐means clustering method to accommodate multiple datasets was developed
by postdoctoral associate, Dr. Eric Lock. The R functions used to implement integrative sparse k‐means
clustering were written entirely by Dr. Eric Lock and then were used to analyze the data by Christina
Markunas.
7
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visualization of sample relationships and class membership using weighted PCA was
performed as described above.
4.2.5.4 Class characterization
Concordance across analyses with respect to class membership was assessed
using a Rand index (range is 0 to 1) and an adjusted Rand index (range is ‐1 to 1) as
implemented in the R package, fossil (Vavrek 2011), using R 2.15.0. The Rand index
assesses the overall agreement between two data partitions. More specifically, it
represents the ratio of the total number of agreements between two clustering outcomes
(number of pairs of individuals that belong to the same class in analysis 1 and analysis 2
+ number of pairs of individuals that belong to different classes in analysis 1 and
analysis 2) to the total number of pairs of individuals. While both the Rand index and
adjusted Rand index provide a measure of agreement between two clustering outcomes
or data partitions, the adjusted Rand index provides more sensitivity with its increased
range and also accounts for randomness in class assignment (Hubert and Arabie 1985).
Analyses were restricted to those 40 individuals present in all datasets used for
clustering.
Clinical characterization of classes was determined using the clinical
questionnaire provided to participants as well as medical records in a few cases
(presence of hydrocephalus and syringomyelia). With the exception of a few continuous
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variables in the questionnaire, all analyses were performed using a Fisher’s exact test as
implemented in SAS 9.3 (Cary, NC) to determine which clinical features were associated
with class membership. Continuous variables were tested for association with class by
using a t‐test assuming equal or unequal variance, when appropriate, or anova when the
number of classes exceeded 2 (SAS 9.3, Cary, NC). Prior to analysis, all continuous
variables were tested for normality using the SAS procedure, proc univariate (Shapiro‐
Wilk and Kolmogorov‐Smirnov test). If necessary, variables were transformed to
approximate a normal distribution.
Biological characterization of classes was based primarily on the gene expression
probe weights assigned from the sparse k‐means or integrative sparse k‐means
clustering analysis. As no gene expression data were used to identify classes solely
dependent on PF traits, another approach was necessary to biologically characterize
these classes. The R package, limma (Smyth 2005), was used to identify gene expression
probes in blood and dura that were differentially expressed between the cranial (PF
trait) classes. Log2‐transformed, quantile normalized expression data were used as input
and age at surgery, sex, race, and surgeon were included as covariates in the model. For
the dura whole genome expression analysis, the RIN was also included as a covariate in
the model for reasons discussed above. Illumina HumanHT12 v4 probe annotation data
were pulled from the R annotation package, illuminaHumanv4.db (Dunning, Lynch,
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and Eldridge). The top 100 ranked genes from each of the 6 analyses based on either p‐
values from limma or feature weights from sparse k‐means or integrative sparse k‐
means clustering were used as input into DAVID v6.7 (Huang da, Sherman, and
Lempicki 2009a, 2009b) to identify enrichment for KEGG biological pathways. The re‐
annotation of Illumina probes was used to create a custom background of genes for the
pathway enrichment analysis. In order to assess enrichment for specific biological
pathways, DAVID 6.7 (Huang da, Sherman, and Lempicki 2009a, 2009b) implements
both a Fisher’s exact test and a modified Fisher’s exact test (EASE score) which is more
conservative as the number of genes provided in the user list that are also found in the
pathway of interest is reduced by one. In addition, Benjamini‐Hochberg and Bonferroni
corrected p‐values are provided in order to account for multiple testing.
Radiological characterization of classes was mostly based on PF feature weights
provided by sparse k‐means or integrative sparse k‐means clustering. For the classes
determined based solely on dura gene expression or blood gene expression data, a
separate approach was necessary. Association analyses were therefore carried out using
logistic regression in SAS 9.3 (Cary, NC) with age at MRI, sex, and race included as
covariates in the models.

103

4.2.5.5 Genomic convergence: Gene expression and ordered subset analysis (OSA)
As described in Chapters 2 and 3, a whole genome linkage screen was
performed, followed by ordered subset analysis (OSA) using heritable, disease‐relevant
PF traits to identify subsets of families that were more phenotypically and genetically
homogeneous thus increasing power to identify disease genes. As described previously,
OSA begins by ordering families using a disease relevant covariate (e.g. PF trait) in order
to identify a subset of families showing maximal evidence for linkage (Hauser et al.
2004). PF traits that correlate with identified biological disease classes based on gene
expression data represent excellent candidates for use in OSA. Thus, the focus of this
analysis was on the OSA candidate genomic intervals (1 LOD down supporting
intervals) that were previously identified using PF traits that are also associated with the
biological classes established in this study. Overlap between the top 100 genes that
differentiate those biological classes and the genes present within the appropriate
candidate genomic interval was then assessed.

4.3 Results
4.3.1 Whole genome expression sample quality assessment
Quality assessment of blood and dura whole genome expression data was
performed separately using multiple approaches as described under the Methods
section. For all data, Illumina system controls were first checked and found to be
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consistent with expected performance. In addition, several control metrics were
assessed on an individual sample basis to identify samples with poor overall quality.
None of the blood RNA samples were identified as outliers. One of the dura RNA
samples was considered an outlier for only 2 out of the 15 control metrics examined
(signal average and housekeeping gene intensity) and was thus retained for analysis. In
addition, technical control replicates for both blood and dura were assessed for
concordance. As expected, the Pearson correlation coefficient was > 0.99 and > 0.98 for
the dura and blood control replicates, respectively. Furthermore, when sample
relationships were examined using either hierarchical clustering as implemented in lumi
(Du, Kibbe, and Lin 2008) or PCA, all control replicates clustered with one another and
away from the remaining patient samples indicative of their high degree of concordance.
In order to further assess sample relationships and detect possible outliers due to
technical reasons, PCA was performed using the patient samples without the inclusion
of technical control replicates. No samples were removed from the analysis for the
following reasons: 1) The samples that clustered away from the others were not
considered severe outliers as defined by greater than 4 standard deviations away from
the mean PC score, and 2) None of the samples that clustered away from the larger
group had obvious technical or quality issues when further examined and may in fact
represent something biologically interesting. Final quality assessment consisted of
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sample sex checks performed as described above in the Methods section. All samples
were found to group with other samples of the same reported sex.

4.3.2 Sparse k-means clustering
Sparse k‐means clustering was performed using blood and dura whole genome
expression data separately, as well as PF trait data. A summary of the results are shown
in Table 8 and sample relationships can be visualized according to class membership in
the weighted PCA plots presented in Figure 10. The optimal number of k classes as
determined by the gap statistic was two for all three analyses and generated fairly
similar class sizes. For the blood and dura whole genome expression clustering analysis,
no sparsity was enforced as indicated by the fact that all 11804 gene expression probes
received non‐zero feature weights. Increased pre‐filtering (restriction to the most
variable 5000 gene expression probes) did not enforce sparsity either (data not shown).
Sparsity was enforced, however, for the PF trait clustering analysis with 25% of the PF
traits assigned weights of zero. Under the assumption that the gap statistic follows a
standard normal distribution, approximate p‐values for all three analyses were
nominally significant (p<0.05), with the blood and dura analysis resulting in the most
significant gap statistics (p<1x10‐10). This can also be visualized by the extent of
separation observed between the classes based on PC1 from the weighted PCA (Figure
10).
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Table 8: Sparse k‐means clustering resultsa
Clustering results presented using individual datasets (Dura: dura gene expression data, Blood:
blood gene expression data, Cranial: PF trait data)
b44 individuals were included for the dura and blood gene expression individual clustering
analyses; 40 individuals were included for all other analyses
c11804 gene expression probes and/or 24 posterior fossa traits (features) were used as input
dThe gap statistic ± standard error is presented. Gap statistics with an approximate p‐value less
than 0.05 are shown in bold.
Abbreviations: N: number, MECOM: MDS1 and EVI1 complex locus, RPS7: ribosomal protein S7,
BASTOREF: basion to reference line, NA: not applicable
a

Description
Dura
2

2

2

24
20
68.27

25
19
81.71

21
19
3.66

11804 (100%)
NA
NA

NA
11804 (100%)
NA

NA
NA
18 (75%)

Optimal k classesb
Class 1 (N)
Class 2 (N)
Optimal tuning parameter
N non‐zero weighted features (%)c
Dura
Blood
Cranial
Maximum weighted feature (weight)

MECOM
(0.21)
NA

NA

NA

RPS7 (0.17)

NA

NA

NA
BASTOREF
(0.72)

1.152 ± 0.013

1.834 ± 0.014

0.487 ± 0.136

1.126‐1.178
<1.0E‐10

1.807‐1.860
<1.0E‐10

0.222‐0.753
1.62E‐04

Dura
Blood
Cranial
Gap statisticd
95% Confidence interval
P‐value

Individual clustering
Blood
Cranial
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Figure 10: Weighted PCA plots for individual sparse k‐means clustering
Each point represents a patient and each class of patients is shown in a different color (blue or
red). A) Dura, B) Blood, and C) Cranial sparse k‐means clustering analysis.

4.3.3 Integrative sparse k-means clustering
Integrative sparse k‐means clustering was performed using 1) Dura gene
expression and PF trait data (Dura‐Cranial), 2) Blood gene expression and PF trait data
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(Blood‐Cranial), and 3) Blood gene expression, dura gene expression, and PF trait data
(Blood‐Dura‐Cranial). A summary of the results are shown in Table 9 and sample
relationships can be visualized according to class membership in the weighted PCA
plots presented in Figure 11. The optimal number of k classes as determined by the gap
statistic was two for all analyses, except for the Dura‐Cranial analysis which defined
three classes as optimal. Unlike the results from the individual sparse k‐means method,
the number of features contributing to class discrimination was restricted for all three
integrative analyses (i.e.: sparsity was enforced and a proportion of features were
assigned weights of zero), with the Blood‐Cranial clustering analysis having the fewest
number of contributing features. The Blood‐Cranial analysis resulted in the most
significant gap statistic (p=2.0x10‐5) out of the integrative clustering analyses, followed
by the Dura‐Cranial (p=7.4x10‐5) and Blood‐Dura‐Cranial analysis (p=3.6x10‐4).
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Table 9: Integrative sparse k‐means clustering resultsa

95% Confidence interval
P‐value

Gap statisticc

N non‐zero weighted features (%)b
Dura
Blood
Cranial
Maximum weighted feature (weight)
Dura
Blood
Cranial

Optimal k classes
Class 1 (N)
Class 2 (N)
Class 3 (N)
Optimal tuning parameter

Description

b

a

0.302 ± 0.073

0.128 ± 0.034

0.158‐0.446
2.01E‐05

NA
RABGAP1 (0.33)
BASTOREF (0.99)

MUC4 (0.24)
NA
PFA_TOP (0.73)
0.062‐0.194
7.41E‐05

NA
1120 (9.5%)
2 (8.3%)

27
13
NA
0.24

19
11
10
0.52
6358 (53.9%)
NA
9 (37.5%)

2

3

Dura‐Cranial

0.112‐0.420
3.59E‐04

0.266 ± 0.079

LGALS3 (0.34)
RABGAP1 (0.26)
BASTOREF (0.89)

3158 (26.8%)
2372 (20.1%)
5 (20.8%)

27
13
NA
0.35

2

Integrative clustering
Blood‐Cranial
Blood‐Dura‐Cranial

Dura: dura gene expression data, Blood: blood gene expression data, Cranial: PF trait data
11804 gene expression probes and/or 24 posterior fossa traits (features) were used as input
cThe gap statistic ± standard error is presented. Gap statistics with an approximate p‐value less than 0.05 are shown in bold.
Abbreviations: N: number, MUC4:, mucin 4, cell surface associated, RABGAP1: RAB GTPase activating protein 1, LGALS3: lectin,
galactoside‐binding, soluble, 3, BASTOREF: basion to reference line, PFA_TOP: posterior fossa area above the reference line, NA: not applicable
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Figure 11: Weighted PCA plots for integrative sparse k‐means clustering
Each point represents a patient and each class of patients is shown in a different color (blue, red,
or green). A) Dura‐Cranial, B) Blood‐Cranial, and C) Blood‐Dura‐Cranial integrative sparse k‐
means clustering analysis.
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4.3.4 Class characterization
In order to assess class membership concordance, individuals were restricted to
the 40 present in all analyses and both a Rand and an adjusted Rand index were
computed, results of which are summarized in Table 10.
Table 10: Class membership comparisona
Comparisons were made by restricting the analysis to the 40 individuals present in all datasets
Abbreviations: Adj: adjusted

a

Class 1

Class 2

Adj Rand index

Rand index

Blood‐Cranial
Cranial
Dura
Cranial
Cranial
Blood
Blood
Blood
Blood
Dura‐Cranial
Dura‐Cranial
Blood
Dura
Dura
Dura

Dura‐Blood‐Cranial
Dura‐Cranial
Dura‐Cranial
Blood‐Cranial
Dura‐Blood‐Cranial
Dura‐Cranial
Blood‐Cranial
Dura‐Blood‐Cranial
Cranial
Blood‐Cranial
Dura‐Blood‐Cranial
Dura
Cranial
Blood‐Cranial
Dura‐Blood‐Cranial

1.00
0.55
0.35
0.35
0.35
0.33
0.29
0.29
0.10
0.04
0.04
0.02
0.02
0.01
0.01

1.00
0.59
0.62
0.67
0.67
0.49
0.64
0.64
0.55
0.51
0.51
0.49
0.49
0.49
0.49

Of particular note, the Blood‐Cranial and Blood‐Dura‐Cranial integrative clustering
analyses partitioned the patients into the same two classes thus the addition of the dura
gene expression data did not alter the class assignments. This would also be consistent
with the fact that the Dura with Blood‐Cranial and Dura‐Blood‐Cranial comparisons
resulted in the lowest class agreement (Adjusted Rand index=0.01). With the exception
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of the Blood‐Cranial and Blood‐Dura‐Cranial comparison, the remaining class
membership comparisons showed somewhat limited concordance. The Cranial with
Dura‐Cranial comparison resulted in the next highest class agreement (Adjusted Rand
index=0.55), followed by Dura with Dura‐Cranial (Adjusted Rand index=0.35).
The results generated from the blood and dura whole genome expression
individual sparse k‐means clustering analyses resulted in the most significant gap
statistics (p<1x10‐10) and are further described below. However, complete
characterization of the remaining classes is provided in Appendix H. For each analysis,
classes were characterized biologically (KEGG pathway enrichment analysis), clinically
(clinical questionnaire data and medical records), and radiologically (PF traits);
nominally significant findings are presented in Table 11 (Blood and dura whole genome
expression data), as well as Appendix H
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b

a

Table 11: Class characterization summarya

10/10 Up
5/6 Up
3/3 Up
2/3 Up
2/4 Up
Smaller
Larger
Smaller
Younger

Ribosome
Spliceosome
Proteosome
RNA degradation
Oxidative phosphorylation
Boogaardʹs angle
Basion to reference
Tentorium
Paternal age

Biologicalb

Radiologicalc

Clinicald

Blood

Clinical

Larger
Larger
Larger
NA

Area3
Supraoccipital bone
Opisthion to reference
NA

Radiologicalc

3/3 Up
4/6 Up

Dorso‐ventral axis formation
Pathways in cancer

Biologicalb

Class 1

Dura

Description

Characterization

Analysis

Older

Larger
Smaller
Larger

10/10 Down
5/6 Down
3/3 Down
2/3 Down
2/4 Down

Smaller
Smaller
Smaller
NA

3/3 Down
4/6 Down

Class 2

0.021

0.004
0.016
0.036

2.80E‐09
0.005
0.007
0.014
0.018

0.006
0.006
0.046
NA

0.001
0.031

P‐vale

Only nominally significant results are shown. In addition, only the two most significant clustering analyses were included in the table.
KEGG pathways with a Fisher exact p < 0.05 are listed. Additional filtering was applied using DAVIDʹs default settings: minimum of 2
genes present in the pathway and an EASE score < 0.1. For each class, the total number of genes present in each pathway and whether they are
down‐ or up‐regulated with respect to the other class are noted.
cLogistic regression was carried out including age at MRI, sex, and race as covariates in the model.
dA t‐test assuming equal variance was performed.
eThese are not adjusted for multiple testing.
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Due to the extent of missing data for the clinical questionnaire, results from very few
clinical traits are presented. Only one of the questions was nominally significant with
less than 25 percent missing data (paternal age). This meant that out of the 36 patients
that had at least partially completed the questionnaire, one additional individual did not
respond to the question concerning paternal age. We recognize that this still represents
a large proportion of missing data therefore the results should be interpreted with
caution. However, further investigation into the pattern of missing data for this
question showed that the missing data was not significantly associated with blood class
(Fisher’s exact test, p=1).
For the dura clustering analysis (Table 11), enrichment for two biological
pathways was observed, dorso‐ventral axis formation and pathways in cancer; neither
met adjustment for multiple testing. In order to further explore these findings and the
possibility that there may be enrichment for common regulators or transcription factors
(TFs), enrichment of TFs based on the presence of TF binding sites (TFBS) within the top
100 genes (David 6.7, UCSC_TFBS) was tested. The top two TFs identified were nuclear
factor of kappa light polypeptide gene enhancer in B‐cells 1 (NFKB1) and E1A binding
protein p300 (EP300), both of which met even a Bonferroni correction for multiple
testing (NFKB1: Bonferroni adjusted p‐val=6x10‐7; EP300: Bonferroni adjusted p‐
val=0.001). Radiological characterization of the dura classes indicated that the lower
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right hand region of the PF appeared to be most different between the identified classes
(supraoccipital bone, opisthion to reference, and area3). All of these PF traits were
shown in Chapter 3 to be heritable using a collection of CMI families. Interestingly,
down‐regulation of all three genes present in the dorso‐ventral axis formation pathway
was observed in class 2 where patients also exhibited a smaller supraoccipital bone,
opisthion to reference line, and area3.
For the blood clustering analysis (Table 11), which also resulted in the most
significant gap statistic, enrichment for five biological pathways was detected including
the ribosome, spliceosome, proteasome, RNA degradation, and oxidative
phosphorylation pathways. Of particular note, the only pathway that remained
significant after a Benjamini‐Hochberg adjustment for multiple testing was the ribosome
pathway (Adjusted p‐val=2.1x10‐6). Multiple different regions of the PF were associated
with blood class, including the Boogaard’s angle, tentorium, and the basion to the
reference line. Similar to the dura analysis, all of these PF traits were previously found
to be heritable (Chapter 3). The only clinical association observed with blood class was
paternal age; limitations of this analysis were described in detail above. Interestingly, an
increased paternal age and an overall down‐regulation of ribosome, spliceosome, and
proteasome pathways in class 2 compared to class 1 was observed; a slight down‐
regulation of the RNA degradation pathway was also detected in class 2.
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4.3.5 Genomic convergence: Gene expression and ordered subset
analysis (OSA)
For analysis, overlap between the most significant results from the blood and
dura individual sparse k‐means clustering analyses and genes present in the previously
described OSA candidate intervals was determined (Chapter 3). First, the PF trait that
was most associated with the biological class and also previously used as a covariate in
OSA was selected (Table 11, Dura: Supraoccipital bone, Blood: Basion to reference). The
OSA results were then pulled for each of these PF traits in order to identify genes
located in the candidate genomic intervals. Using the supraoccipital bone as a covariate
for OSA, only one genomic region showed increased evidence for linkage: 1) Candidate
interval: Chr13:113479548‐115169878 (GRCh37, 26 RefSeq genes), Max LOD=2.55, Emp
p‐val=0.008. Using the basion to reference line as a covariate for OSA, two regions
showed increased evidence for linkage: 1) Candidate interval: Chr6:154995031‐
162267179 (GRCh37, 49 RefSeq genes), Max LOD=2.9, Emp p‐val=.01, and 2) Candidate
interval: Chr19:0‐3746087 (GRCh37, 131 RefSeq genes), Max LOD=2.28, Emp p‐val=0.03.
For the dura analysis, the top 100 ranked genes were compared to the 26 RefSeq genes
located in the chromosome 13 candidate interval identified in families with a small
supraoccipital bone. No overlap in the gene lists was observed for the dura analysis.
For the blood analysis, the top 100 ranked genes were compared to the 180 genes located
in the chromosomes 6 and 19 candidate intervals identified in families with a large
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basion to reference height. Two genes, MOB kinase activator 3A (MOB3A, Chr19, #21
top weighted gene) and NADH dehydrogenase (ubiquinone) Fe‐S protein 7, 20kDa
(NDUFS7, Chr19, #89 top weighted gene, present in the oxidative phosphorylation
pathway that showed enrichment), were present in both lists. However, the
identification of these two genes in both lists is not more than would be expected based
on chance alone (p=0.22).

4.4 Discussion
In this study, forty four pediatric CMI patients were collected in order to
establish disease subtypes using biological data consisting of patient blood and dura
whole genome expression profiles, as well as radiological data comprised of PF traits.
Sparse k‐means clustering analyses were performed using the biological and
radiological data both individually and collectively. The latter analysis required an
extension of the original sparse k‐means method to accommodate multiple datasets from
different sources. Identified subtypes were compared across analyses for class
membership agreement. Subtypes were also fully characterized for better
interpretability, which included the identification of enriched biological pathways,
cranial base discriminating features, and, to a more limited extent, correlated clinical
traits. All clustering analyses resulted in the identification of significant patient classes,
with the dura and blood individual clustering analyses showing the strongest evidence.

118

Further characterization of these classes led to the identification of several factors that
may contribute to disease heterogeneity within a pediatric CMI population.
Prior to focusing on the specific findings, a general discussion surrounding the
results obtained from both the standard and integrative sparse k‐means clustering
methods will be presented. First, limited class membership concordance was observed
across most analyses. This was not particularly surprising as the source of each dataset
differed substantially (blood vs. dura vs. PF trait). It does, however, suggest that the use
of more readily available patient data, such as PF traits, to cluster patients would not be
sufficient to identify subtypes established using biological data alone. In addition, the
class membership agreement between the dura and blood clustering analyses was
extremely low. While each of these analyses identified biological classes, the features
that accounted for a large proportion of variation in the data not only differed between
the analyses but led to the partitioning of patients into different classes. In other words,
the biological relationships observed among the patients were strongly dependent on
the biological source used. While this could be due to the limited sample size or the
particular clustering algorithm implemented, it could also be due to the fact that one or
both of these tissues were not able to strongly identify true disease subtypes or that each
provided very distinct information only relevant to the specific tissue. Continued
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collection of patient samples and further investigation of results would be necessary to
sort out these possibilities.
In addition to the individual dataset clustering, integrative clustering was
performed. The purpose of these analyses was to place more weight on features within
each dataset that act collectively to discriminate patient classes. For example, the Dura‐
Cranial analysis should identify genes that are relevant to cranial base morphology and
able to, in combination with those PF traits, partition patients into distinct subtypes.
While this seemed to be an attractive approach, the results were underwhelming. In
general, the integrative analyses were less significant than the individual clustering
analyses. In addition, two out of the three analyses (Blood‐Cranial and Blood‐Dura‐
Cranial) did not produce a strong biological interpretation as evident from the lack of
enrichment observed for any biological pathway. Thus, this discussion will be focused
on the individual clustering analyses, particularly on the two most significant findings:
dura and blood whole genome expression clustering results.
Sparse k‐means clustering using blood whole genome expression data alone
resulted in the most significant finding. Using the top 100 ranked genes, at least
nominally significant enrichment for five biological pathways was identified, including
the ribosome, spliceosome, proteasome, RNA degradation, and oxidative
phosphorylation pathways. Interestingly, a down‐regulation of the ribosome (involved
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in protein synthesis), spliceosome (involved in splicing of pre‐mRNA), and proteasome
(involved in the degradation of proteins) pathways was observed in the group of
patients that also had older fathers, a smaller basion to reference line, a larger tentorium,
and a flatter cranial base as indicated by a larger Boogaard’s angle. One potential link
between paternal age and the ribosome comes from a study which examined DNA
methylation in rat liver and germ cells and found that a region of the ribosomal DNA
(rDNA) locus was preferentially hypermethylated with increased age in both the sperm
and liver (Oakes et al. 2003). Hypermethylation of the rDNA may compromise function
and affect protein synthesis (Oakes et al. 2003). While this study did not directly
examine whether this age‐dependent methylation change could be passed on to and
remain in offspring, aberrant methylation was suggested as a potential mechanism
contributing to paternal age related abnormalities in offspring (Oakes et al. 2003).
Increased paternal age is a risk factor for many diseases, one of which is autism
spectrum disorder (ASD). In a study examining whole genome expression profiles from
peripheral blood lymphocytes in children with ASD and controls, decreased variance in
the distribution of gene expression levels in children with ASD as well as control
individuals with older fathers was reported (Alter et al. 2011). This decreased variance
was suggested to be due to a global down‐regulation of transcriptional regulation (Alter
et al. 2011). A separate study examined whole genome expression in peripheral blood
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leukocytes from adults with ASD, healthy mothers with children with ASD and a series
of controls (Kuwano et al. 2011). Interestingly, they found that several genes encoding
for ribosomal proteins, some of which overlap with our list, were down‐regulated in
adults with ASD as well as healthy mothers with children with ASD (Kuwano et al.
2011). Remarkably, of the differentially expressed down‐regulated genes listed between
healthy mothers with children with ASD and control mothers, they identified 17
ribosomal proteins of which 9 overlap with our list, 3 proteins involved in the
spliceosome of which 2 overlap with our list, 2 proteins involved in oxidative
phosphorylation of which none overlap with our list, and 1 protein involved in RNA
degradation which is also present in our list (Kuwano et al. 2011). It appears that our
blood gene expression profile in class 2 shares some overlapping features with healthy
mothers with children diagnosed with ASD as well as some limited features with
individuals with ASD. Of note, within class 2, one CMI patient has a diagnosis of
autism, two are reported to have developmental delay, and one has learning disabilities;
none of these conditions were reported in class 1. Although further investigation would
be needed, one possibility is that the gene expression signature detected in the blood is
related to comorbid conditions.
Sparse k‐means clustering using dura whole genome expression alone resulted
in the second most significant finding. Enrichment in TFBSs for NFKB1and EP300 was

122

reported and while there is no obvious connection between NFKB1 and CMI, EP300 was
previously implicated in OSA as described in Chapter 3. Additionally, within class 2, a
reduction in area3, the supraoccipital bone, and the opisthion to reference line was
observed, as well as a down‐regulation of all genes present in the enriched dorso‐ventral
axis formation pathway and over half of the genes present in pathways in cancer. While
these pathways are very general and don’t appear immediately relevant, several of the
genes involved in these pathways have multiple functions, some of which are more
applicable to CMI biology.
Two of the genes identified within the dorso‐ventral axis formation pathway, v‐
ets erythroblastosis virus E26 oncogene homolog 1 (avian) (ETS1) and v‐ets
erythroblastosis virus E26 oncogene homolog 2 (avian) (ETS2), are involved in osteoblast
differentiation and the formation of bone (Raouf and Seth 2000). While some studies
have suggested that overexpression of ETS2 is associated with the craniofacial
abnormalities observed in Down syndrome patients (Sumarsono et al. 1996), Hill and
colleagues found that, in general, trisomy 16 mice with or without an extra copy of ETS2
produced comparable craniofacial abnormalities (Hill et al. 2009). However, this study
did observe a more severely shortened occipital bone in trisomy 16 mice with only two
(16% reduction) versus three copies of ETS2 (4% reduction) when compared to euploid
mice. This suggests a more complex interplay among genes present within the Down
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syndrome interval. We are currently exploring the role of ETS2 in skeletal involvement.
Another potential link between ETS1/2 and cranial abnormalities comes from a recent
report that found that reduced expression of Ets2 repressor factor (ERF) causes complex
craniosynostosis characterized by premature fusion of multiple cranial sutures,
craniofacial abnormalities, language delay, and CMI (Twigg et al. 2013). Although not
one of our most significant findings, reduced expression of ERF was also observed in
class 2 (adjusted p=0.04). The third gene identified within the dorso‐ventral axis
formation pathway is notch 4 (NOTCH4). NOTCH4 does not appear to have a known,
major role in bone formation; however other NOTCH genes are involved in the
proliferation and maturation of chondrocytes (Long and Ornitz 2013).
Extending the investigation of the biological differences between these two dura
classes, genes outside of these pathways were examined and several genes were
identified that play key roles in biological processes related to endochondral ossification,
which is the process by which bones in the cranial base are formed. Although these
genes were not within the top 100 ranked genes identified from the clustering analysis,
they are still among some of the most significantly differentially expressed genes
between the two classes. Examples of these include the runt‐related transcription factor
2 (RUNX2), runt‐related transcription factor 3 (RUNX3), collagen, type II, alpha 1
(COL2A1), parathyroid hormone 1 receptor (PTH1R), and notch 1 (NOTCH1) (Long and
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Ornitz 2013). With the exception of COL2A1, all of these genes were down‐regulated in
class 2 compared to class 1. Another strong biological candidate is transforming growth
factor, beta receptor II (TGFBR2) which was expressed at significantly lower levels in
class 2 patients. A previous study generated mice with a conditional deletion of
TGFBR2 in COL2A1 expressing cells and found defects in the cranial base and vertebrae
(Baffi et al. 2004). Two additional studies in mice demonstrated that the conditional
inactivation of TGFBR2 specifically in mesoderm‐derived cells results in defects in the
supraoccipital bone and C1 vertebra and meningoencephalocele (Hosokawa et al. 2007),
whereas TGFBR2 inactivation in neural crest cells leads to calvaria defects and cleft
palate (Ito et al. 2003). This report has particular relevance as a shortened supraoccipital
bone and reduced TGFBR2 expression was observed in class 2 patients. Taken together,
these findings implicate several strong biological candidates pertinent to endochondral
ossification and suggest that the dura mater may be a reasonable tissue to examine for
CMI.
Although encouraged by these findings, there are several important limitations
to present. First, the sample size was relatively small resulting in limited power for the
clustering analysis and follow‐up characterization. Obtaining clinical tissue samples
from CMI patients is extremely challenging as they are not readily available thus greatly
inhibiting the collection of a large sample size. Despite the limited power, significant
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underlying structure within the datasets was identified, some of which appeared to be
biologically relevant. However, many of the analyses would not have withstood a
correction for multiple testing. As one of the primary purposes of this study was to
generate hypotheses, we feel it appropriate to examine these results without such an
adjustment noting that future work and continued ascertainment would be needed to
validate any findings. Another limitation of the study relates to the acquisition of
disease relevant patient tissue for gene expression analysis. This study is not unique in
its challenges to ascertain appropriate biological samples for a developmental disease,
particularly with respect to developmental stage. Thus, we cannot disregard the
implications of this when interpreting these findings. However, several strong
biological candidates from the dura analysis were identified providing additional
support for its potential relevance. Additionally, due to the small size of the dura
samples acquired and the fact that dura is largely comprised of collagen bundles, low
RNA yield was obtained resulting in a limited number of samples with RNA remaining
for validation experiments. Currently, using a limited number of samples, validation
experiments are being carried out using real‐time quantitative PCR (RT‐qPCR) for three
genes from the dura analysis (ETS1, ETS2, and NOTCH4; dorso‐ventral axis formation
pathway) and three genes from the blood analysis (RSL24D1, ribosome pathway;
PSMA3, proteasome pathway; PRPF38B, spliceosome pathway). Finally, although
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statistically significant overlap was not established with genes identified from the
clustering analyses and those present within selected candidate OSA genomic intervals,
there are several important differences between the studies to note which may have
contributed to the negative findings. These include differences in the age distribution
across patients, proportion of patients with a positive family history of CMI, as well as
sex and race frequencies among patient populations.
Limitations aside, this study is unique as it represents the first study of its kind
for CMI where multiple biological and radiological datasets exist across the same set of
patients thereby motivating the extension of the original sparse k‐means clustering
method to accommodate multiple datasets from different sources. By applying both
clustering methods to the data, patient classes were established based solely on
biological or radiological data, as well as through the integration of these datasets.
Although further validation and replication is needed, examination of the genes
differentially expressed between the dura classes implicated several strong biological
candidates for future investigation. Biological characterization of the blood classes
identified a gene expression profile mirroring that previously observed in an ASD study.
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5. Discussion and future directions
5.1 Summary of specific contributions to the field of Chiari Type
I Malformation genetics research
Although familial aggregation, twin studies, and the co‐occurrence with known
genetic syndromes support a genetic contribution to CMI, limited research has been
conducted. To date, no genes have been identified, the biological mechanism remains
poorly understood, and surgery is the only form of treatment for patients and yet it does
not alleviate debilitating neurologic symptoms for all. Thus, defining the genetic
etiology of CMI is an important, under focused area of research. CMI is hypothesized to
be caused by multiple genetic and environmental factors, and it exhibits a high degree of
clinical variability. While the ultimate goal of this dissertation was to identify putative
CMI disease candidates and gain a better understanding of what factors may contribute
to disease heterogeneity, each project (Chapters 2‐4) summarized below took very
different approaches to disentangle the disease heterogeneity and identify strong
biological candidates for disease.

5.1.1 Stratified whole genome linkage analysis implicates known
Klippel-Feil syndrome genes as putative disease candidates
In this study, the largest whole genome linkage screen to date was conducted
using 367 individuals from 66 families with at least two individuals presenting with
nonsyndromic CMI with or without syringomyelia. Initial findings across all 66 families
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showed minimal evidence of linkage due to suspected genetic heterogeneity. In order to
improve power to localize susceptibility genes, stratified linkage analyses were
performed using clinical criteria to differentiate families based on etiologic factors.
Families were stratified on the presence or absence of clinical features associated with
connective tissue disorders (CTDs) since CMI and CTDs frequently co‐occur and it has
been proposed that CMI patients with CTDs represent a distinct class of patients with a
different underlying disease mechanism. Stratified linkage analyses resulted in a
marked increase in evidence of linkage to multiple genomic regions consistent with
reduced genetic heterogeneity. Of particular interest were two regions (Chr8, Max
LOD=3.04; Chr12, Max LOD=2.09) identified within the subset of “CTD‐negative”
families, both of which harbor growth differentiation factors (GDF6, GDF3) implicated
in the development of Klippel‐Feil syndrome (KFS). Interestingly, approximately 3‐5%
of CMI patients are diagnosed with KFS. In order to investigate the possibility that CMI
and KFS are allelic, GDF3 and GDF6 were sequenced leading to the identification of a
previously known KFS missense mutation and potential regulatory variants in GDF6.
This study demonstrated the value of reducing genetic heterogeneity by clinical
stratification implicating several convincing biological candidates and further
supporting the hypothesis that multiple, distinct mechanisms are responsible for CMI.
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5.1.2 Genetic evaluation and application of posterior cranial fossa
traits as endophenotypes
Although cerebellar tonsillar herniation (CTH) is hypothesized in some CMI
cases to result from an underdeveloped posterior cranial fossa (PF), patients are
frequently diagnosed by the extent of CTH without cranial morphometric assessment.
This study focused on the use of cranial base morphometrics to further dissect the
disease heterogeneity and increase power to identify disease genes. Specifically, the
genetic contribution for a series of PF traits and the use of heritable, disease‐relevant PF
traits in ordered subset analysis (OSA) was evaluated. Consistent with a genetic
hypothesis for CMI, much of the PF morphology was found to be heritable and multiple
genomic regions were strongly implicated from OSA, including regions on
chromosomes 1 (LOD=3.07, p=3x10‐3) and 22 (LOD=3.45, p=6x10‐5) containing several
candidates warranting further investigation. This study underscores the genetic
heterogeneity of CMI and the utility of PF traits in CMI genetic studies.

5.1.3 Identification of subtypes using whole genome expression
profiles and posterior cranial fossa traits
In order to gain a better understanding of what factors contribute to this
heterogeneity, a collection of 44 pediatric CMI patients were ascertained to identify
disease subtypes using whole genome expression profiles generated from patient blood
and tissue samples and radiological data consisting of posterior fossa (PF)
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morphometrics. Sparse k‐means clustering and an extension to accommodate multiple
data sources were used to cluster patients into more homogeneous groups using
biological and radiological data both individually and collectively. All clustering
analyses resulted in the significant identification of patient classes, with the pure
biological classes derived from patient blood and dura mater samples demonstrating the
strongest evidence. Patient classes were further characterized by identifying enriched
biological pathways, as well as correlated cranial base morphological and clinical traits.
Our results implicated several strong biological candidates warranting further
investigation from the dura expression analysis and also identified a blood gene
expression profile corresponding to a global down‐regulation in protein synthesis which
may be related to the presence of comorbid conditions.

5.2 Challenges of disease heterogeneity and general
implications for study design
Disease heterogeneity presents many challenges when trying to examine the
genetic contribution of a complex disorder, such as CMI. In this context, disease
heterogeneity refers to a number of potentially related high and low‐level aspects of
disease. Low‐level features include etiologic factors, such as multiple environmental as
well as genetic factors contributing to disease. Genetic factors can be further
complicated by allelic heterogeneity. Furthermore, there is the potential for more
complex interactions to exist between these factors, such as gene by gene and/or gene by
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environment interactions. High‐level features of disease heterogeneity refer to
phenotypic variability across patients, demonstrated in CMI by the large degree of
clinical and radiological diversity that exists. These types of heterogeneity can have
major implications for a genetic study as the inclusion of etiologically heterogeneous
patients or families will have a profound impact on the power for a genetic screen.
As described in Chapter 2, an attempt was made during the ascertainment
process to limit the extent of heterogeneity across families by excluding syndromic
families (e.g. Hereditary disorders of connective tissue), as well as patients with tonsillar
herniation that occurred secondarily and was not related to a compromised posterior
fossa (e.g. brain tumor). However, the results from the initial whole genome linkage
screen using the complete collection of families showed limited evidence for linkage and
it was hypothesized to be due to etiologic heterogeneity resulting in reduced power.
Under the assumption that the observed phenotypic variability across families is related
to an underlying etiologic variability, this phenotypic variation can thus be utilized in
the design of a genetic screen. Based on this premise, stratified analyses were conducted
using clinical criteria related to proposed mechanistic differences (Chapter 2), as well as
heritable, disease‐relevant cranial base morphological traits (Chapter 3). Both
approaches resulted in a marked increase in evidence of linkage to several regions of the
genome implicating strong biological candidates for disease. Although the specific
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approaches taken would vary based on the disease being examined, these results
highlight the value of reducing heterogeneity when conducting genetic screens.

5.2.1 Recommendations on the use of tonsillar herniation to define
the CMI phenotype in genetic screens1
Over the years there has been accumulating evidence suggesting that tonsillar
herniation may not be the best criterion for diagnosis as it does not correlate well with
symptom presentation. In a large retrospective study that examined 22,591 individuals
with MRIs, 25 of the 175 individuals (14.3%) diagnosed with CMI (tonsillar herniation >5
mm) were asymptomatic (Meadows et al. 2000). A later study focused on individuals
presenting with CMI‐like symptoms without significant tonsillar herniation (<3 mm)
(Sekula et al. 2005). In that study, patients with CMI‐like symptoms had a significantly
shorter clivus, basisphenoid, basiocciput, and an increased tentorial angle as compared
to controls, findings that are consistent with previous reports of CMI individuals (Sekula
et al. 2005).
In addition to a lack of correlation with symptoms, tonsillar herniation has been
proposed to occur due to a variety of mechanisms including cranial constriction (e.g.
classical CMI and craniosynostosis), cranial settling (e.g. connective tissue disorder

Portions of this section were taken with modification from: Markunas, C. A., R. S. Tubbs, R. Moftakhar, A.
E. Ashley‐Koch, S. G. Gregory, W. J. Oakes, M. C. Speer, and B. J. Iskandar. 2012. Clinical, radiological, and
genetic similarities between patients with Chiari Type I and Type 0 Malformations. J Neurosurg Pediatr 9,
no. 4: 372‐8.
1
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related), intracranial hypertension (e.g. brain tumor), intraspinal hypotension (e.g.
prolonged lumbar shunt), and spinal cord tethering (e.g. CMII) (Milhorat et al. 2010).
Therefore, if patients were grouped together based solely on the presence of tonsillar
herniation without additional clinical or radiological characterization, this would lead to
a mechanistically and etiologically heterogeneous group and ultimately reduced power
for a genetic screen if analyzed collectively.
While the use of tonsillar herniation alone may be too inclusive and potentially
group patients under the same diagnostic label even though the tonsillar herniation
occurs due to different mechanisms, tonsillar herniation may also be too restrictive.
There is evidence suggesting that tonsillar herniation may not be essential to cause a
CMI phenotype. Chiari Type 0 Malformation (CM0) is a somewhat controversial class of
Chiari Malformations. It is characterized by the presence of syringomyelia without
tonsillar herniation and improves following posterior fossa decompression surgery. In a
previous study, magnetic resonance imaging was used to assess the compactness of the
posterior cranial fossa in six CM0 patients, results suggested that the syringomyelia may
be due to a crowded posterior fossa, and that tonsillar herniation was not necessary to
disrupt normal cerebrospinal fluid (CSF) flow (Tubbs et al. 2001). In a later study,
clinical features and MRI measurements of the posterior fossa were compared across
“idiopathic” syringomyelia patients, CMI with syringomyelia patients, and control
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subjects (Bogdanov et al. 2004). Bogdanov and colleagues (Bogdanov et al. 2004) found
that patients with CMI‐type syringomyelia and idiopathic syringomyelia shared similar
clinical and radiologic features such as shortened posterior cranial fossa bones and
narrowed CSF pathways. Additionally, a previous study conducted by our group
identified shared clinical and radiological features between CMI and CM0 patients, as
well as the occurrence of both disorders within families suggesting a shared genetic
basis (Markunas et al. 2012). Furthermore, as described in Chapter 2, a GDF6 mutation
(A249E) that has been previously implicated in Klippel‐Feil syndrome and shown to
have a functional effect in vitro was identified in one of these CMI‐CM0 families. Two
out of three CMI and all CM0 family members were heterozygous for A249E, further
supporting a shared genetic etiology between these two disorders. Taken together,
these studies support the hypothesis that CMI and CM0, distinguished mainly by the
absence versus presence of tonsillar herniation, occur due to a similar underlying
mechanism, but may represent different sides of the disease spectrum (Bogdanov et al.
2004; Iskandar et al. 1998; Tubbs et al. 2001; Tubbs et al. 2004b).
Moreover, the genetic evaluation of PF traits in Chapter 3 indicated that while
much of the PF appears to be influenced by genetic factors, tonsillar herniation shows no
evidence of being heritable. This is consistent with the hypothesis that the primary
defect for classical CMI is due to a compromised posterior fossa and that tonsillar
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herniation occurs secondarily. Thus, due to the reasons outlined above, the use of
tonsillar herniation as the primary diagnostic criterion for CMI would not be
recommended going forward when designing genetic screens. While the examination of
tonsillar herniation as a diagnostic feature is specific to CMI, it is important to carefully
consider the phenotype for genetic screens regardless of the disease being studied and to
search for improved phenotyping methods or alternative strategies when appropriate.

5.2.2 Posterior cranial fossa traits as endophenotypes
Endophenotypes, or intermediate phenotypes, are heritable, quantitative traits
that are associated with disease. There are multiple potential benefits of using
endophenotypes as opposed to a binary classification of disease including increased
statistical power, reduced heterogeneity, the absence of standard misclassification
issues, and greater interpretability. The use of endophenotypes is one approach to
reduce the complexities of the qualitative disease phenotype and focus on something
that is more directly measureable and may in fact be more correlated with underlying
etiologic factors. Although the general use of endophenotypes would be applicable to a
wide variety of complex diseases, the selection of, and the decision on how best to
utilize, these endophenotypes will vary based on the disease.
Consistent with a genetic hypothesis for classical CMI, heritability analyses of a
series of PF traits as described in Chapter 3 suggested that much of the PF is strongly
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influenced by genetic factors. PF traits that were found to be both heritable and
associated with disease are highlighted in Figure 12 below and represent candidate
endophenotypes for CMI.

Figure 12: Chiari Type I Malformation: candidate endophenotypes
Posterior fossa traits that are both heritable and associated with disease (p<0.05) are highlighted
in red. Abbreviations: BASAL_ANG: basal angle, BASTOREF: basion to reference line,
OPISTOREF: opisthion to reference line, OCC: supraocciput, PF: posterior fossa, and PFH:
posterior fossa height.

Furthermore, as different genetic factors are likely involved with various aspects
of cranial base growth, it is hypothesized that different genetic factors or perturbed
biological pathways might result in distinct cranial morphologies that could be
identified through detailed radiological assessment. Support for this comes from both
Chapters 3 and 4. Results in Chapter 3 support the use of cranial base morphological
traits in reducing genetic heterogeneity and increasing power to identify strong
biological candidates. This would also be consistent with the fact that certain PF traits
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have been shown to vary across patients with different underlying tonsillar herniation
mechanisms (Milhorat et al. 2010) and may help to distinguish different patient classes.
In addition, the use of PF traits in OSA led to more interpretable results since the subset
of families showing increased evidence for linkage also shared a similar cranial
morphological feature (e.g. Small basal angle). In Chapter 4, specific PF traits were
associated with the patient classes identified purely based on dura whole genome
expression data. This suggests that the primary biological features that differentiated
the two patient classes were also related to cranial base morphological differences
between patients. Thus, the use of PF traits in CMI genetic studies is warranted as they
are heritable, associated with disease, and likely less fraught with heterogeneity.

5.2.3 Application of whole genome expression profiles to identify
disease subtypes
Chapters 2 and 3 used observable phenotypic traits (clinical and radiological
criteria) in order to stratify families into phenotypically similar groups that were more
likely to be genetically similar. In comparison, Chapter 4 approached heterogeneity
from the opposite perspective. Patients were identified that were genetically more
similar (e.g. based on dura whole genome expression data) and the identified classes
were then correlated with phenotypic traits (e.g. radiological data). While dura whole
genome expression profiles would be difficult to generate on a large number of
individuals, due to both accessibility and cost, this type of approach has additional
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potential. For example, more readily accessible traits (e.g. radiological or clinical traits)
that correlate with identified biological subtypes could be utilized on a much larger
scale. In Chapter 4, the supraoccipital bone and local surrounding region were found to
be associated with the patient subtypes defined by the dura analysis. Although an
initial attempt was made to apply this information to the whole genome linkage screen,
findings were minimal. However, there were substantial differences in the patient
populations (e.g. age distribution, sex and race frequencies, and family history) and
therefore results from one study may not be directly applicable to the other study.
However, in the future, patients could be collected that are more comparable across
studies to increase the relevance and application of findings in one study with the other.
Furthermore, while the specific tissue and clinical features used are not widely
applicable to other diseases, a similar approach could be applied to other disorders and
is often performed in cancer studies.

5.3 Future directions
5.3.1 Specific follow-up of the stratified whole genome linkage
screens
Sequencing to identify mutations and/or rare variants would be a reasonable
next step to follow‐up the results from the stratified whole genome linkage screens
described in Chapters 2 and 3. This could be approached in a number of different ways
depending on budgetary constraints. In order to avoid inherent biases when selecting
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candidate genes and not discount the potential contribution of non‐coding elements, one
could perform whole genome sequencing using all affected individuals from the
multiplex families (183 affecteds from 66 families). Given the small number of
individuals and the vast amount of genetic data that would be obtained, a targeted
analysis could first be performed by focusing on candidate genomic intervals identified
through the linkage analysis. Further restriction on the intervals could be made by
focusing on regions that cover exons, intron‐exon boundaries, untranslated regions, as
well as candidate regulatory elements. These regulatory elements could be generically
defined based only on evolutionary conservation. Alternatively, candidate tissue‐
specific enhancer elements could be identified by looking for overlap between high
degrees of evolutionary conservation, clusters of transcription factor binding sites,
H3K4me1 marks, and EP300 binding in relevant cell types (e.g. osteoblast) (Visel, Rubin,
and Pennacchio 2009). Furthermore, certain tissue‐specific enhancer elements have been
mapped in mice already for some of our candidates, such as the growth differentiation
factor, GDF6 (Mortlock, Guenther, and Kingsley 2003; Portnoy et al. 2005; Reed and
Mortlock 2010). Enhancer elements that regulate GDF6 expression in relevant mouse
cranial regions would be of great interest and the identification of the corresponding
human sequence elements could provide additional candidate intervals to include in the
analysis. Furthermore, as genome‐wide data would be available, a more global analysis
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across the genome could be conducted. Regardless of the targeted or whole genome
analytic approach, variants would likely be prioritized based on frequency (e.g.
restriction to those novel or rare variants based on 1000 genomes frequency data) and
potential functional relevance (e.g. nonsense, missense, splice, untranslated regions,
located within ~20 bp of a splice site, and regulatory potential). Multiple analyses could
then be conducted to look for variants shared across affected individuals within families
as well as across families. Furthermore, searching for multiple hits within the same gene
or pathway would provide some leniency if, as expected, the same variant or even the
same gene was not identical throughout comparisons. Sanger sequencing could then be
used to validate candidate variants and to examine the segregation pattern throughout
the families. Prioritized variants could be genotyped on a much larger scale to more
widely assess each variant’s overall contribution to disease. While the use of affecteds
from multiplex families should reduce the overall complexity as compared to using
sporadic cases, it is hypothesized that rather than one mutation, multiple variants within
the same pathway may be responsible for the phenotype and help account for the
reduced penetrance and variable expressivity observed. Environmental factors could, of
course, also play an important role and as more questionnaire data are ascertained, this
contribution can start to be examined as well.
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A less costly, alternative approach to whole genome sequencing would be to
perform high throughput, targeted sequencing, for example, using the Illumina MiSeq
platform. One approach to select target regions would be to simply identify the top
biological candidates beneath our linkage peaks based on literature searches and
sequence the coding regions. This approach would miss potentially relevant genes with
limited biological information as well as non‐coding regions that could contain
regulatory elements. An alternative approach would be to identify top biological
candidates and use those to first create a “core” list of candidate genes. Next, all known
genes within the candidate genomic intervals identified through linkage could be
examined for known and predicted interactions using the program, STRING 9.0
(Szklarczyk et al. 2011). To limit the number of genes that would be sequenced, an
emphasis could be placed on the “core” genes by restricting the focus to any potential
interactions involving the “core” set of genes as identified through STRING. This would
identify predicted functional modules or networks within the list of candidates that may
be biologically relevant. Although this approach would still be based on known
biological information, the sequencing screen would be expanded to include those genes
that are predicted to interact with the “core” genes as well. Based on the approach
outlined above and the current genomic intervals of interest (Chapters 2 and 3), the
following functional network was established and could be used to select candidates for

142

sequencing (Figure 13). Furthermore, once the candidate genes are selected, probes
could be designed to cover not only coding and untranslated regions but also putative
regulatory elements as described above. While this approach would not be as
comprehensive or unbiased as whole genome sequencing, these additional
modifications would allow for the inclusion of candidates that are not immediately
biologically relevant as well as potential regulatory elements which are likely to play an
important role in this developmental disorder. Furthermore, this project could be
completed at a reduced cost as compared to whole genome sequencing.
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Figure 13: STRING network of candidate genes
Black stars indicate genes that are part of the “core” list. Red dots indicate that the gene was
differentially expressed (unadjusted p<0.05) between the patient classes identified from the dura
whole genome expression clustering analysis.
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Another direction to take this research would be to investigate the role that copy
number variation (CNV) plays in the development of CMI as this has never been
examined. This could easily be looked at using the pre‐existing genetic data generated
for the whole genome linkage analysis. The Illumina Human610‐Quad BeadChips (San
Diego, CA) contain over 610,000 tagging SNPs, including roughly 60,000 additional
markers which target regions that are known or likely to contain CNVs. Raw signal
intensities obtained from the Human610‐Quad BeadChips would be converted into log
R ratios and B allele frequencies and used in combination to detect CNVs. Since the
study population consists of families, PennCNV (Wang et al. 2008) could be used to
identify CNVs, as this method utilizes information from the family to help define CNV
boundaries, as well as classify CNVs as inherited or de novo. An initial focus could be
placed on the previously identified candidate linkage intervals, followed by a full
analysis across the genome.

5.3.2 Specific follow-up of the subtyping study
The most pressing follow‐up for the subtyping study would be to first validate
select genes using real‐time quantitative PCR (RT‐qPCR). As described previously, due
to the limited amount of dura that could be safely obtained from patients and the fact
that it is a fibrous tissue comprised of a limited number of cells, the number of genes
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that can be tested for validation is hindered by the fact that only a small number of RNA
samples remain for validation.
In addition to validation, several additional analyses could be performed using
the pre‐existing data. One analysis could focus on the candidate endophenotypes
shown in Figure 12, identify associated genes from the dura whole genome expression
data, and then look for overlap with the OSA candidate intervals that were previously
identified in Chapter 3 using the same candidate endophenotype. While this was
attempted in a slightly different manner in Chapter 4 using the dura and blood whole
genome expression clustering results, this would be a more direct approach and may
identify additional candidates of interest to pursue. If overlap was found, these
candidates could be sequenced in the family study. In addition to sequencing the
coding and untranslated regions, noncoding regions could also be examined. Candidate
cis‐regulatory elements could be identified through the combined use of bioinformatics
and results from a focused eQTL (expression quantitative trait loci) study as both gene
expression and genotype data are available for all individuals in this study. The eQTL
analysis would test for association between genotypes and expression levels and could
be restricted to the genes of interest and surrounding regions.
Specific follow‐up of the blood whole genome expression profiles could involve
the examination of DNA methylation differences between patient classes and whether
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there is a correlation between the gene expression differences identified and the
differential methylation patterns. As a global reduction was observed in protein
synthesis and associated pathways along with increased paternal age, DNA methylation
could in part be responsible for the findings. In addition, DNA is available from the
blood for all patients in the study making this sub‐study extremely feasible to conduct.
Ultimately, the most important direction to take this study would be to increase
the sample size, focus on individuals that may be more generally applicable to the types
of patients ascertained for the family study (e.g. with respect to clinical characteristics,
age distribution, and family history of CMI), obtain much better clinical data from the
questionnaire, and expand the radiologic characterization of patients. Furthermore,
while there is suggestive evidence indicating that dura mater is a relevant tissue to
examine for CMI, collaborations with a developmental biologist could be key to clarify
its relevance, identify other accessible tissues to use, and provide information regarding
the expression of candidate genes at certain time points during cranial base
development.
In general, an overlap between patients in both types of studies (family and
subtyping studies) would increase the applicability and use of this approach. For
example, families could be prospectively ascertained meeting all criteria used in the
family study (e.g. multiplex, non‐syndromic, and tonsillar herniation not occurring due
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to secondary causes) with the exception that at least one of the affected children would
be undergoing posterior fossa decompression surgery with duraplasty so that dura
mater could be obtained. Gene expression profiles generated from dura using RNA‐seq
or whole genome expression chips could be used to cluster patients into subtypes.
Under the assumption that each child can adequately represent the other affected family
members biologically, the results of the clustering analysis could also be used to
partition families into groups. In addition to whole genome expression profiling, low‐
coverage whole genome sequencing (Pasaniuc et al. 2012) could be performed on all
family members (family members required to connect affecteds), with denser coverage
obtained on affected individuals. This sequencing approach would allow for a variety of
analytic approaches to be conducted. A targeted analysis could be performed by first
conducting a whole genome linkage analysis within family groups to prioritize
candidate intervals of interest. Furthermore, a greater emphasis could also be placed on
genes most heavily contributing to the gene expression class assignments. As denser
sequencing data would be obtained on the affecteds, this would allow for an immediate
search for mutations or variants of interest within the prioritized genomic intervals and
candidate genes. If sequence data were also obtained on a series of controls, rare variant
association tests that utilize collapsing‐based approaches (gene or pathway level) could
be performed using cases that clustered with one another based on the gene expression
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data with the expectation that they are more genetically homogeneous, as well as across
all patients as this would provide the largest sample size. As adequate numbers for this
type of study would be hard to obtain, this would have to be performed as a multi‐
center collaborative study over the span of many years.

5.3.3 Movement towards a quantitative approach to disease and the
treatment of Chiari Type I Malformation as a complex disorder
These studies have demonstrated the complexities of CMI and further emphasize
the need to approach CMI as a heterogeneous, complex disorder. Before one can
successfully study the genetics of any disease, the phenotype must be well defined
although this is not always straightforward. For CMI, as well as other complex
disorders such as autism, attention deficit hyperactivity disorder, as well as other
psychiatric disorders, the phenotype is complex and it is not clear how best to define it,
particularly when designing genetic studies.
As stated previously, the use of tonsillar herniation as the primary diagnostic
criterion for CMI would not be recommended moving forward. On one hand, it is too
general and may be capturing individuals where tonsillar herniation occurs due to
entirely different mechanisms. On the other hand, it could be potentially excluding
individuals unnecessarily, such as those diagnosed with CM0. Furthermore, mild,
unnoticed manifestations of disease may occur in families and could be used in genetic
screens to increase power. For example, in some cases, ‘unaffected’ siblings or
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apparently non‐penetrant parents may actually show radiologic evidence of a slightly
compromised posterior fossa without tonsillar herniation and/or symptoms. Although
we do not have substantial evidence of this occurring in CMI families, subclinical
phenotypes are observed in other complex disorders such as cleft lip with or without
cleft palate (CL/P). In families with CL/P, subepithelial defects of the superior
orbicularis oris muscle are observed at an increased frequency in ‘unaffected’ relatives of
individuals with CL/P compared to controls with no family history (Marazita 2007). It is
very likely that CMI as it is currently defined is too simplistic and there is a pressing
need, particularly for genetics research to re‐visit this definition and identify more
powerful approaches.
A general movement towards a more quantitative approach to CMI will be
necessary to be able to better examine the genetic contribution. However, the
acquisition of a large control population in which MRIs are available to take the same
measurements on is needed. Classifying individuals by the presence or absence of a
compromised posterior fossa would be an improvement over the use of tonsillar
herniation alone, but may still not provide sufficient granularity. One could envision a
scenario where the reduction in different cranial base bones or the alteration of different
cranial base angles could ultimately lead to the same conclusion but may be driven by
different genetic and/or environmental factors. In the end, a more detailed radiological
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assessment would be optimal where an increased number of measurements are
examined. As the genetic control of cranial base development and the relationship
between different components becomes more defined, for example by using animal
models, this information could be used to complement human findings by aiding in the
developmental interpretation.
The treatment of this disease as genetically complex is likely important to achieve
future success. Even within our families we observe reduced penetrance, variable
expressivity and the fact that a previously identified KFS mutation with a known
functional effect in vitro was not shared across all affected individuals even within the
same families. Although the overall genetic complexity of CMI is likely reduced in
multiplex families, the CMI phenotype is still expected to be due to multiple variants as
opposed to a single variant. Moreover, as discussed above, regulatory elements may
play an important role in disease and should not be overlooked. Many developmental
genes are expressed across a wide range of tissues, and thus tissue‐specific regulatory
elements would be appealing candidates to examine.

5.3.4 The importance of inter-disciplinary research
The establishment of collaborations between neurosurgeons, neurologists,
radiologists, geneticists, and developmental biologists is of paramount importance as
the field moves forward. Platforms to foster these inter‐disciplinary discussions have
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already started, for example, with the annual Think Tank meeting sponsored by the
Chiari and Syringomyelia Foundation and the biennial Conquer Chiari research
conference. While these annual and biennial discussions are an important first step, a
large collaborative network across the various disciplines will be needed in order to
develop studies of adequate size and be able to successfully integrate all of the clinical,
radiological, genetic, and developmental pieces when studying this disease.

5.3.5 General implications for clinical diagnosis and treatment
CMI patients often present with symptoms that are vague and not unique to the
disorder. This can result in slow and even misdiagnoses. As we begin to unravel the
genetic complexities of CMI and acquire more knowledge on the various mechanisms
responsible for disease, this information could be translated into a genetic test to provide
quicker and more accurate diagnoses. Ultimately, this could reduce the amount of time
a patient is suffering from debilitating symptoms and the inevitable frustration and
wasted time and money that coincides with inaccurate and lengthy diagnoses.
Furthermore, a better understanding of the mechanisms involved could potentially lead
to treatment options that are more tailored to the specific patient. Currently, there is no
consensus in the field regarding the selection of patients that will most benefit from a
surgical intervention or which specific treatments are most appropriate (e.g. craniectomy
alone, with or without duraplasty, laminectomy, intradural exploration to remove
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potential arachnoid veils, tonsillar shrinkage, and craniocervical fusions). While there
have certainly been clinical studies conducted previously to start to examine factors
associated with surgical response (Hekman et al. 2012) and survey current CMI
treatment practices (Rocque et al. 2011), more work is needed and a better
understanding of the genetics could help to inform on this area of research as well.
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Amplicon

Exon1‐1
Exon1‐2
Intron1‐1
Intron1‐2
Intron2
Intron3‐1
Intron3‐2
Exon2‐1
Exon2‐2
Exon2‐3
Exon2‐4
Exon2‐5
Exon2‐6
Exon2‐7
Exon2‐8
Exon2‐9
Exon2‐10
Exon1
Exon2‐1
Exon2‐2

Gene

GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF6
GDF3
GDF3
GDF3
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PCR primer sequences

chr8:97172588‐97173187
chr8:97172349‐97172848
chr8:97169979‐97170507
chr8:97169568‐97170159
chr8:97167727‐97168244
chr8:97159214‐97159794
chr8:97158975‐97159469
chr8:97157502‐97158060
chr8:97157009‐97157600
chr8:97156568‐97157120
chr8:97156319‐97156954
chr8:97155948‐97156445
chr8:97155544‐97156041
chr8:97155191‐97155688
chr8:97154891‐97155371
chr8:97154598‐97155066
chr8:97154342‐97154910
chr12:7847952‐7848454
chr12:7842771‐7843420
chr12:7842270‐7842915

Coordinatesa
CCCTCTCCCCCACACCTC
CAGGCTTCCATCTCATCCTC
ACGAGACACCGTTTGATGTG
ATGCCTGTTCTCCCACTCTC
CTTTTTGCAGGACCTTCCAG
GGCTGCCTTCCCATAAAATA
TCCTCCCACTCCCAATCTAA
GTGGTTACGAAGCCTTTTGG
CAGCTCTTCCCTTGCCTTTC
GGCAAGAAGTCCAGGCTACG
TCATCCAGACGCTGATGAAC
TGTCTTACAGGCTTTGATAGAAGG
CCAGGTCTCTGCCTTCATTG
CATCAGGAGGGAAGATGGTG
GAAGGAGACAGGGGTGGAAT
AAAGAAAGGGTGGGGATGAT
GCAAAGAGGAAATGGACAGC
TGGCCTTTGAGGAGCTG
AGGGCTTGTGTCTTTCCCTG
TGAAGACACCTGTGCCAGAC

Forward primer

CAGCTTCTCAGCGATGGAGT
GCCACATTCAGAAACTTACTCG
TAGAGGAGGGATTGCATGTG
CCCAGCTTGATAAAGGGAAAG
GCAGGACCATTCTGGGAATA
AACTGTTCTGTGCAGGTGGA
ATCTCAGGTTGGGGCATGT
CTGCCACACGTCGAAGACT
CGCAGTGATAGGCCTCGTA
GGCAAGGTGTGAAAATCCAT
CGTCAACGGTGATTCTTCCT
CAAGGGGTTCCATTTGGACT
AAGAGAGGGGAGGGAACTCA
AGTCAAAGATGAGGAGGAAGC
GCTGTCCATTTCCTCTTTGC
TTGCATATCATCCAGGAAAGG
GGTGACAAGGATTTGGCTTT
AATACCAGCACAAGGCCATC
ACGGTGGCAGAGGTTCTTAC
AACTATGATTATTAGGGCTCCAGG

Reverse primer

Base pair positions based on the GRCh37/hg19 human genome assembly

a

Intron1‐2

Intron2

Intron3‐1

GDF6

GDF6

GDF6

Exon1‐2

GDF6

Intron1‐1

Exon1‐1

GDF6

GDF6

Amplicon

Gene
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Thermocycler conditions
95°C for 3 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle at 50%
ramp speed), 72°C for 1:45 min (13 cycles); 94°C for 30 sec, 52°C for 45 sec,
72°C for 1:45 min (25 cycles); 72°C for 10 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min

PCR kit
Invitrogen Accuprime™
GC Rich DNA
Polymerase kit
Qiagen HotStarTaq® Plus
with Q solution
Qiagen HotStarTaq® Plus
with Q solution
Qiagen HotStarTaq® Plus
with Q solution
Qiagen HotStarTaq® Plus
with Q solution
Qiagen HotStarTaq® Plus
with Q solution

PCR primer kits and thermocycler conditions
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Intron3‐2

Exon2‐1

Exon2‐2

Exon2‐3

Exon2‐4

Exon2‐5

Exon2‐6

Exon2‐7

Exon2‐8

GDF6

GDF6

GDF6

GDF6

GDF6

GDF6

GDF6

GDF6

GDF6

95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 3 min; 94°C for 30 sec, 56°C for 30 sec, 72°C for 1 min (30 cycles);
72°C for 10 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min

Qiagen HotStarTaq® Plus
with Q solution
Qiagen HotStarTaq® Plus
with Q solution
Invitrogen Accuprime™
GC Rich DNA
Polymerase kit
Qiagen HotStarTaq® Plus
with Q solution
Qiagen HotStarTaq® Plus
with Q solution and
2.5mM MgCl2
Qiagen HotStarTaq® Plus
with Q solution
Qiagen HotStarTaq® Plus
with Q solution
Qiagen HotStarTaq® Plus
with Q solution
Qiagen HotStarTaq® Plus
with Q solution
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Exon2‐9

Exon2‐10

Exon1

Exon2‐1

Exon2‐2

GDF6

GDF6

GDF3

GDF3

GDF3

95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min
95°C for 5 min; 94°C for 30 sec, 66°C for 30 sec (‐1°C each cycle), 72°C for
1:45 min (13 cycles); 94°C for 10 sec, 52°C for 45 sec, 72°C for 1:45 min (25
cycles); 72°C for 8 min

Qiagen HotStarTaq® Plus
without Q solution
Qiagen HotStarTaq® Plus
without Q solution
Qiagen HotStarTaq® Plus
without Q solution
Qiagen HotStarTaq® Plus
without Q solution
Qiagen HotStarTaq® Plus
without Q solution

Appendix C
Quality control of sample data
F inbreeding coefficient: Mean= ‐0.003; SD= 0.01
bBoth families are self‐reported Hispanic
cFamily history of Ehlers‐Danlos syndrome or singleton family
Abbreviations: N_Excl: number of individuals/families excluded, N_Total: total number of
individuals/families remaining, SD: standard deviation
a

Description

Individuals
N_Excl

Starting number

N_Total

Families
N_Excl

422

N_Total
73

Exclusion criteria
Call rate < 99%

0

422

0

73

Per‐family Mendelian errors > 2%

0

422

0

73

Sex discrepancy

0

422

0

73

Inbreeding coefficient > 4 SD from the meana

3

419

0

73

MDS outlier detection

5

414

2

71

Monozygotic twin pair (excluded 1/pair)

4

410

1

70

Families trimmed for linkage

8

402

0

70

No longer meets inclusion criteriac

35

367

4

66

b
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Appendix D

Multidimensional scaling (MDS) analysis
This was performed using a pruned marker dataset and only one representative individual from
each family. The red and black colors correspond to different clusters (PLINKʹs pairwise
population concordance test: ‐‐ppc 1e‐4). Individuals shown in red represent families that are
self‐reported Caucasian, Hispanic. MDS plot was created in R 2.15.0
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a

GDF6 and GDF3 identified sequence variants

8

8

8

GDF6

GDF6

GDF6

97156214

97155793

97155707

8

GDF6

8

GDF6

97154790

8

8

GDF6

97154593

GDF6

8

GDF6

Locationa

97154813
97155360‐
97155362
97155701

Chr

Gene

rs75587676

rs114201878

rs77181285

rs80085212

rs139734303

rs112542818

rs36028712

NA

Variant ID

T/A

C/G

G/T

C/G

CCT/C

C/T

T/C

T/G

Allelesb

3ʹ UTR

3ʹ UTR

3ʹ UTR

3ʹ UTR

3ʹ UTR

3ʹ UTR

3ʹ UTR

3ʹ UTR

Variant class

0.010 / 0.017

0.010 / 0.017

0.010 / 0.017

0.010 / 0.017

0.010 / 0.02

0.026 / 0.003

0.063 / 0.066

0.005 / NA

CMI / 1KG
MAFc

No

No

No

No

No

Yes

No

Yes

Follow‐
upd

No (5/8)

No (1/2)

All
affectedse,f

Yes (2/4)

Yes (1/2)

Reduced
penetrancef

Base pair positions based on human genome build GRCh37/hg19
bAlleles: Reference allele / Alternate allele
cCMI MAF estimate based on all affected family members initially screened; 1KG MAF: Based on 1000 Genomes Integrated Phase 1
Release v3: European population
dVariant was validated by bidirectional sequencing and all sampled affected and unaffected individuals within each identified family
were sequenced
eIs sharing observed across all affected individuals within each family?
fNumbers in parentheses: Numerator: number of sampled individuals carrying the variant, Denominator: total number of sampled
individuals
gMAF estimate was not available from 1000 Genomes; MAF estimate based on the Exome sequencing project: European population
hIndividual suspected to have Chiari Type 0 Malformation is counted as ʺaffectedʺ for the purposes of this table
Abbreviations: Chr: Chromosome; Coding‐syn: Coding‐synonymous; MAF: Minor allele frequency
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8

8

8

12

12

12

GDF6

GDF6

GDF3

GDF3

GDF3

8

GDF6

GDF6

8

GDF6

8

8

GDF6

GDF6

8

GDF6

8

8

GDF6

GDF6

8

GDF6

8

8

GDF6

GDF6

8

GDF6

8

8

GDF6

GDF6

8

GDF6

7848202

7842932

7842587

97172487

97172403

97170374

97169811

97169759

97169735

97157811
97158024‐
97158030
97159015
97159446‐
97159447
97159651

97157792

97157791

97157413

97157223

97156472

97156411

rs17727707

rs12819884

rs2302516

rs62516290

rs2466129

rs140757891

rs7845829

rs116719470

NA

G/C

C/T

C/G

G/T

A/G

C/T

G/C

C/T

C/T

C/T

T/TA

NA
rs76595269

A/G

C/CGGCGGC

T/A

G/C

G/C

G/T

C/G

T/G

T/C

NA

NA

NA

rs11783820

rs77859767

rs121909352

rs148861809

rs79053711

rs2440199

Coding‐syn

Missense

Missense

Intronic

Intronic

Intronic

Intronic

Intronic

Intronic

Intronic

Intronic

Intronic

Intronic

Intronic

Intronic

Intronic

Missense

Coding‐syn

3ʹ UTR

3ʹ UTR

0.067 / 0.075

0.353 / 0.339

0.047 / 0.024

0.078 / 0.077

0.495 / 0.474

0.021 / 0.013

0.089 / 0.09

0.021 / 0.049

0.010 / NA

0.099 / 0.123

0.005 / NA

0.005 / NA

0.005 / NA

0.005 / NA

0.010 / 0.053

0.005 / NA

0.016 / 0.003g

0.036 / 0.028

0.005 / 0.02

0.599 / 0.414

No

No

Yes

No

No

Yes

No

No

Yes

No

No

No

No

Yes

No

No

Yes

Yes

No

No

No (7/11)

Yes (4/4)

Yes (2/2)

No (1/2)

No (4/6)h

No (7/10)

Yes (1/14)

Yes (2/10)

Yes (1/2)

Yes (1/2)

Yes (3/8)
Unknown
(0/3)

Appendix F

Segregation of select variants in three CMI pedigrees
A) Family 9772, B) Family 9496, and C) Family 9432. Alleles “A” and “a” represent a novel SNP
at Chr8: 97154593, Alleles “B” and “b” represent a novel SNP at Chr8: 97157811, alleles “C” and
“c” represent RS140757891, and alleles “D” and “d” represent a novel SNP at Chr8: 97169735.
Individual 108 from family 9496 has previously had brain surgery and a shunt; no additional
information is known. Symbols shaded in black indicate a diagnosis of CMI with or without
syringomyelia and small diamonds represent miscarriages. Lower case letters shown in red
indicate the variant allele. Genotype calls are based on bidirectional sequencing. Progeny 8
(Delray Beach, FL) was used to construct the pedigrees
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Appendix G

Pearson correlation matrix of posterior fossa traits

Correlations are color coded as follows: 1) Red: X ≥ 0.75, 2) Orange 0.5 ≤ X < 0.75, and 3) Yellow: 0.25 ≤ X < 0.5. Posterior fossa (PF) traits
with a factor load ≥ |0.40|were assigned to the appropriate principal component (PC). PF areas were assigned to the PC it was most correlated
with.
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Class characterization summarya

Larger

Area2
Hydrocephalusb

Larger

Clivus

Clinical

Larger

Absence (0/4)d

Presence (4/4)d

Smaller

Smaller

Smaller

Down (3/4)c

Up (3/4)c

Basion to reference

Down (2/3)c

Up (2/3)c

Radiological

NA

Class 2

NA

NA (Blood GE)
Adipocytokine signaling
pathway (Dura GE)
Purine metabolism (Dura
GE)

Biological

Cranial

Class 1

Characterization

Analysis

Description

a

NA

NA

NA

NA

NA

NA

NA

Class 3

0.042

0.533f

0.564f

0.721f

0.007

0.005

NA

P‐VALe
or
WEIGHTf

Only nominally significant results are shown.
bBased on medical record
cKEGG pathways with a Fisher exact p < 0.05 are listed. Additional filtering was applied using DAVIDʹs default settings: minimum of 2
genes present in the pathway and an EASE score < 0.1. For each class, the total number of genes present in each pathway and whether they were
down‐ or up‐regulated with respect to the other class was noted.
d4 individuals were diagnosed with hydrocephalus. The number of individuals with hydrocephalus present in each class is shown in
parentheses.
eThese are not adjusted for multiple testing
fFeature weights from the sparse k‐means or integrative sparse k‐means clustering analysis
Abbreviations: NA: not applicable, GE: gene expression, Max: maximum, Min: minimum
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Blood‐Dura‐
Cranial

Blood‐Cranial

Dura‐Cranial

Smallest

Area4

Boogaard angle

Absence (0/4)d

Smaller

Clivus

Hydrocephalusb

Larger

Basion to reference

Radiological

Clinical

Larger

NA

NA

Absence (0/4)d

Biological

Hydrocephalusb

Larger

Clivus
Clinical

Larger

Basion to reference

Radiological

NA

NA

Absence (0/0)d

Smallest

Tentorium to reference

Hydrocephalusb

Smallest

Min (2/4)c

Tight junction
PFA above reference

Min (2/4)c

Biological

Clinical

Radiological

Biological

Leukocyte
transendothelial
migration

Presence (4/4)d

Larger

Smaller

Smaller

NA

Presence (4/4)d

Smaller

Smaller

NA

Presence (1/4)d

Largest

Largest

NA

NA

NA

NA

NA

NA

NA

NA

NA

Presence (3/4)d

Smaller

Smaller

Smaller

Max (3/4)c

Middle (3/4)c
Largest

Max (3/4)c

Middle (3/4)c

0.008

0.493f

0.746f

0.887f

NA

0.008

0.443f

0.99f

NA

0.038

0.686f

0.719f

0.732f

0.010

0.006
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