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ABSTRACT OF THE THESIS 

 
Exome Sequencing: Prior Testing and Patterns of Use 

 

By  

 

Aneesa Soren Masters 

 

Master of Science in Genetic Counseling 

 

University of California, Irvine, 2014 

 

Professor Moyra Smith, Chair 

 

  

 

The purpose of this study was to examine how Whole Exome Sequencing (WES) has 

been used since it became clinically available in late 2011 by describing the demographics and 

prior genetic testing of the population receiving this test, and examining how those factors relate 

to the test result and clinical presentation of the patients. An additional goal was to examine if 

the diagnostic yield and demographics had changed significantly over time in the two years of 

data collection. A de-identified dataset of 499 cases of WES performed by Ambry Genetics was 

evaluated. It was determined that diagnostic yield did not significantly vary over time, and at 

26%, was consistent with prior reports
12

. Gender distribution was approximately equal with 54% 

of cases male and 46% female.  The majority of cases (83%) were pediatric and the age at time 

of test authorization ranged from prenatal to 86 years of age. A disparity was observed in the 

ethnic distribution of cases. Of those WES patients with information on ethnicity, 85% were 

described as being Caucasian. A significant correlation was observed in the number of single 

gene tests performed prior to WES and the WES result. Those with more single gene tests were 

more likely to get a positive result from WES. The most frequently reported organ system 

involvement included neurological (64%) and musculoskeletal (55%). The most commonly 
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selected overall health category was mental retardation/ intellectual disabilities/ developmental 

delays (MR/ID/DD) seen in 64% of all WES cases.  
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1. INTRODUCTION AND BACKGROUND 

 

Whole Exome Sequencing (WES) is a relatively new molecular diagnostic test that has 

the potential to identify disease causing mutations throughout the thousands of human genes. The 

purpose of this study was to examine how WES has been used since it became clinically 

available in late 2011 and identify if there are significant variations in the diagnostic yield 

amongst different demographic groupings including clinical presentation, age, gender, ethnicity, 

parental consanguinity, and completion of previous genetic testing. An additional goal was to 

describe the demographics and examine if the diagnostic yield and demographics had changed 

significantly over time in the two years of data collection. 

 

1.1 Brief Overview of Genetics  

Deoxyribonucleic acid (DNA) is the chemical compound that contains the 

instructions for all of the structures and signals within the human body. It is a code made up of 

four nucleotide bases: adenine (A), thymine (T), guanine (G), and cytosine (C). DNA is 

condensed and stored in structures known as chromosomes. Humans have 23 pairs of 

chromosomes. One set of chromosomes was inherited from each of our parents, meaning that 

each gene exists in duplicate, with the exclusion of genes located on the sex chromosomes. Just 

as the sequence of letters in a sentence determines its meaning, the sequence of the nucleotide 

bases in segment of DNA determine its function. A gene is a segment of DNA that encodes a 

specific set of instructions. Each gene is preceded by a characteristic sequence of regulatory 

elements that tell the cellular machinery where to attach to the DNA to read the message 

contained within. Within each gene there are alternating segments known as the introns and 

exons (Figure 1). The exons contain the specific code that needs to be read and the introns can be 

thought of as placeholders between the exons. The role of the introns is not fully understood. 
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Figure 1: Introns and Exons 

 

 
 

 

1.2 Traditional Approach to the Diagnosis of Genetic Disease 

 

When a genetic disorder is suspected, the traditional approach has included an 

examination of the patient by a medical geneticist to assess the phenotype, followed by carefully 

selected genetic tests to confirm a clinical diagnosis. For well classified single gene disorders 

associated with a recognizable phenotype this approach remains highly effective and cost 

efficient. When patients present with a non-specific phenotype, the selection of testing, generally 

done sequentially, can be both time consuming and costly. 

 

1.3 The Genome and the Exome 

An individual’s genome consists of the entire content of their DNA including the introns, 

exons and regulatory elements. The human genome refers to an approximated average or 

consensus sequence of all DNA expected in a human. It is made by comparing and compiling the 

genomes of many individuals. An individual’s exome is the sequence of nucleotide bases within 

the exons of that person’s DNA. 
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1.4 Exome Sequencing 

Whole Exome Sequencing (WES) is a process of selectively sequencing the exome, the 

~1.5% of the human genome sequence that encodes proteins. 
1, 2, 3

 The exome consists of all the 

exons, or expressed regions of the genome. It is estimated that the exome contains 85% of the 

pathogenic mutations responsible for Mendelian disorders, 
3, 4

 making it a very information 

dense fragment of the human genome. WES has been used on a research basis to assist in 

identifying candidate genes in disorders suspected of having a genetic cause. The use of exome 

sequencing as a clinical diagnostic tool for the identification of the molecular basis of suspected 

genetic disorders became available in the fall of 2011. 
5
 There are limited large-scale data 

available on how this test has been used and the primary focus has been on establishing the 

diagnostic yield.  

In this study, data from a large set of unselected patients referred for clinical diagnostic 

exome sequencing between the fall of 2011 and the winter of 2013 was examined. The purpose 

was to determine if there are significant patterns emerging in test usage and if those patterns are 

changing over time by comparing categories such as when the test was authorized, the age of the 

patient at the time of the test, the test result, prior genetic testing performed, gender, ethnicity, 

and the patient’s clinical presentation. 

Whole exome sequencing (WES) is somewhat of a misnomer as the test currently 

provides data at a sufficient depth to call variants for approximately 97% of each targeted exome. 

6 
This means that approximately 3% of an individual’s exome is not covered and mutations in 

these regions would not be detected. For this reason, some members of the genetics community 

prefer the more generalized term of exome sequencing. Clinical or diagnostic exome sequencing 
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describes the use of this testing strategy by a CLIA certified laboratory for the purpose of 

diagnosing a patient suspected of having a genetic disorder. 

The Online Mendelian Inheritance in Man (OMIM) gene map and entry statistics list that 

there are currently over 5,000 phenotypes for which the molecular basis is known and describe a 

total of over 7,700 phenotypes known or suspected of having a Mendelian basis. 
7
 While there is 

testing available either as single gene testing, panels, FISH, etc. for many of the phenotypes with 

a known molecular cause, others do not have molecular testing available on a clinical basis. 

Exome sequencing can be used to detect changes in both well characterized genes as well as the 

thousands of genes that are not well classified, allowing for a molecular diagnosis to be made in 

some cases that could not be diagnosed by preexisting testing methods. Additionally, exome 

sequencing has the potential to add to the body of knowledge, expanding and expediting 

research. 

 

1.5 Clinical Application of WES 

In 2013, the American College of Medical Genetics and Genomics (ACMG) released a 

policy statement titled Points to Consider in the Clinical Application of Genomic Sequencing 

which provided the initial criteria for the clinical use of Whole Exome Sequencing (WES) and 

Whole Genome Sequencing (WGS).  

“WGS/WES should be considered in the clinical diagnostic assessment of 

a phenotypically affected individual when: 

 A) The phenotype or family history data strongly implicate a genetic 

etiology, but the phenotype does not correspond with a specific disorder for which 

a genetic test targeting a specific gene is available on a clinical basis.  

B) A patient presents with a defined genetic disorder that demonstrates a 

high degree of genetic heterogeneity, making WES or WGS analysis of multiple 

genes simultaneously a more practical approach.  

C) A patient present with a likely genetic disorder but specific genetic 

tests available for that phenotype have failed to arrive at a diagnosis.  
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D) A fetus with a likely genetic disorder in which specific genetic tests, 

including targeted sequencing tests, available for that phenotype, have failed to 

arrive at a diagnosis.” 
8
   

 

1.6 A Brief History of Exome Sequencing 

Ng, et al. were the first to report selectively sequencing an entire exome in 2009, 
1, 3

 

quickly followed by reports of its use as a diagnostic tool by Choi et al. in late 2009 and Ng, et 

al. in early 2010. 
9, 10, 6

 

The 2009 publication by Ng, et al. described the development of a technique utilizing 

second-generation methods to sequence the human exome. Second-generation sequencing, also 

known as next-generation sequencing (NGS) or massively parallel sequencing refers to a process 

in which DNA is fragmented into shorter segments which are each read or sequenced in parallel 

(at the same time), then the very large amounts of data are processed by computers which align 

the shorter sequences to compile a complete sequence. The accuracy and quality of the data is 

assessed, in part, by the number of times any given position was read – this is described as the 

coverage. This technique is called “second-generation” because it came after traditional Sanger 

sequencing in which di-deoxy terminating bases were used in cycle sequencing reactions 

followed by size separation by gel or capillary electrophoresis to specify the order of “sequence” 

of the base pairs in a single segment of DNA.  

In their study, Ng, et al. performed targeted capture and massively parallel sequencing of 

the exomes of twelve humans demonstrating sensitive and specific identification of rare and 

common variants. They also addressed the test’s potential as a research tool due to its ability to 

identify candidate genes for monogenic disorders within a small number of unrelated, affected 

individuals. They demonstrated this by analyzing the exome sequence data of four unrelated 

individuals with the same autosomal dominant disorder. They proposed the possibility of 
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extending this approach to diseases with more complex inheritance patterns by utilizing larger 

samples size and assessing the non-synonymous variants based on predicted functional 

alterations. 
3
 

Choi, et al. published the first case where a genetic diagnosis was made utilizing whole 

exome capture and massively parallel DNA sequencing. They detected a homozygous missense 

mutation in the gene SLC6A3 which led to a diagnosis of congenital chloride diarrhea in a patient 

with a suspected diagnosis of Bartter syndrome, a renal salt-wasting disease. The team 

subsequently performed whole exome sequencing on additional patients with a clinical diagnosis 

of Bartter syndrome, but no mutations previously detected in genes known to cause the disease. 

Five additional patients were found to have homozygous deleterious mutations in the SLC26A3 

gene. They concluded that whole exome sequencing may have utility as both a clinical 

diagnostic tool and method for gene discovery. 
10

 

Shortly thereafter Ng, et al. published a paper describing the use of exome sequencing to 

discover a causative gene for Miller syndrome, a rare multiple malformation disorder presumed 

to have an autosomal recessive inheritance pattern. Mutations in the DHODH gene were 

observed in seven families with Miller syndrome. This study provided additional evidence to 

their claim of the utility of exome sequencing as a research tool for identifying candidate genes 

for monogenetic disorders with a small sample of unrelated affected patients. 
6
 

Since these early publications, research laboratories across the world have begun to 

utilize exome sequencing as a cost effective method to examine candidate genes for Mendelian 

disease as well as well as a broad range of other applications. It is being used to further 

understand the genetic changes associated with metastatic cancer due to the method’s ability to 

provide sequence data with a relatively small sample such as isolated circulating tumor cells. 
11
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Whole exome sequencing is also being examined as a tool to estimate alloreactivity potential 

between donors and recipients in stem cell transplantation. 
12

 While the full potential of this new 

test is far from understood its utilization as a diagnostic tool in the clinic has become widely 

accepted.  

Diagnostic exome sequencing was first introduced as a clinical test in September 2011. 

5,13
  Currently, the GeneTests registry lists seven laboratories in the United States that offer 

exome sequencing and analysis on a clinical basis: Ambry Genetics, Aliso Viejo, CA; ARUP 

Laboratories, Molecular Genetics Laboratory - Salt Lake City, UT; Baylor College of Medicine, 

Medical Genetics Laboratories - Houston, TX; Emory University School of Medicine, Emory 

Molecular Genetics Laboratory - Atlanta, GA; GeneDx - Gaithersburg, MD; Iowa Institute of 

Human Genetics (IIHG) - Iowa City, IA; University of California Los Angeles, UCLA Clinical 

Genomics Center - Los Angeles, CA. 
14

   

 

1.7 Clinical Utility of Exome Sequencing 

In 2014, Shashi, et al. published a study aimed at assessing the financial cost of the 

traditional comprehensive clinical evaluation and targeted genetic testing in the context of the 

new emerging next-generation sequencing. The study consisted of a retrospective analysis of 500 

consecutive patients seen at Duke University Medical Center and evaluated by the use of the 

traditional approach of a clinical exam and assessment by a medical geneticist followed by 

sequential laboratory testing (targeted single-gene sequencing/deletion/duplication studies, gene 

panels, microarray, biochemical studies and other diagnostic studies) until a diagnosis was 

reached or all appropriate testing was exhausted. They excluded any patients who had a 

confirmed genetic diagnosis at their first visit as well as patients seen in their specialty clinics 
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(metabolic, 22q11.2 deletion, Down syndrome, and fragile X syndrome clinics). Cost estimates 

were made using reports in the patients’ electronic medical record (EMR) for tests such as 

karyotype, microarray, fluorescence in situ hybridization, single-gene tests gene panels testing, 

and specialized genetic biochemical testing. They excluded the cost of non-genetic laboratory 

investigations such as scans, radiographs and blood chemistry. They used the current non-

institutional billing price of testing.  

The study found that after exclusion of the 39 cases assessed as not having a genetic 

disorder, 46% of the remaining individuals (those thought to have a genetic disease) were 

diagnosed using the traditional approach, and most diagnoses were made in the first visit or by 

testing ordered and competed prior to a second visit. However, on careful reading of this study, it 

appears that the diagnostic rate may be an overestimate, since it is calculated only from those 

highly suspected of having a genetic disorder, rather than the diagnostic rate of all the patients 

seen at their clinic. The review of previous literature indicates that prior studies focused on 

specific clinical presentations such as developmental delay and autism spectrum disorders, with 

estimated diagnostic rates from 5 to 50%. Many factors could influence the diagnostic rate at a 

given genetics clinic including their affiliation with other clinics or specialty centers that treat 

rare disease or features frequently associated with genetic disease. Another possible explanation 

of the unexpectedly high diagnostic rate would be if their clinic performs a rigorous review or 

screening process of incoming referrals to eliminate those thought not to have a genetic cause 

before a first appointment is made. The paper does not discuss the possible factors that may have 

led to such a high diagnostic rate.  

Shashi, et al. also found that for those individuals whose diagnosis is not clinically 

apparent on the first visit, the average cost of a successful diagnosis using traditional genetic 
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testing was approximately $25,000 and the average cost of testing in the undiagnosed group was 

$4,721. Assuming a 50% success rate for WES in undiagnosed genetic disorders (estimated from 

their previous research); Shashi et al. concluded that the application of WES after the first 

clinical visit could result in a higher diagnostic rate and a considerable cost savings per 

successful diagnosis. 
15

 Although the 50% success rate seems quite high compared to the overall 

diagnostic rate of approximately 25% reported by laboratories conducting exome sequencing, 
5, 

13
 the assessment of the cost savings would still apply at lower diagnostic rate.  

A 2012 study by Dixon-Salazar et al. examining the practical utility of clinical exome 

sequencing in diagnosing autosomal recessive conditions among a group of 188 probands from 

as many families. Each family contained two or more affected individuals born to 

consanguineous parents, or parents who were related outside of marriage. It is believed that all 

individuals carry recessive mutations associated with disease. Carriers are heterozygous, 

meaning they retain one functional copy of the gene along with a disease causing copy. When 

examining recessive genetic conditions that require two disease causing copies of a gene (a 

recessive condition), individuals whose parents are consanguineous, are more likely to have 

inherited the exact same mutation in the disease causing gene from both parents. This is because 

their parents have more genetic similarity than non-consanguineous couples.  

The consanguineous population was selected for this study to enhance the power to 

identify recessive genetic mutations using homozygosity mapping. The authors made the 

assumption that recessive disease would be due to the individual inheriting the exact same 

mutation from each parent in consanguineous unions. This assumption allowed the researchers to 

eliminate mutations that were inherited from only one of the parents as unlikely to be causative, 

reducing the number of variants to be considered. Forty patients had mutations in one of the 
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genes associated with the initial diagnosis that segregated with the phenotype in the family 

according to a recessive inheritance model. The genes were reported to the referring physician 

and were not further studied in accordance to the research protocol. Another thirty patients were 

eliminated after being found to have only a single linkage peak on genome wide linkage analysis 

because these families were thought to benefit from a more direct method of mutant gene 

identification. Of the remaining 118 subjects that underwent exome sequencing, they found that 

10 probands had mutations in known genes, 22 probands had a single segregating mutation and 

86 probands had 2-10 variants. Of the ten patients with mutations in known disease causing 

genes, all received a revision of their prior diagnosis. While not every diagnosis resulted in a 

change of clinical management, all of the individuals who received a revision of their initial 

(symptom based/ clinical) diagnosis resulted in changes in genetic counseling, prenatal 

diagnostic options and carrier testing. 
16

 

In some cases, the clinical presentation of a patient is obscured by the presence of two 

distinct genetic disorders. To date, the largest dataset of clinical whole exome sequencing 

published included the first 250 probands for whom WES was ordered through Baylor College of 

Medicine, Medical Genetics Laboratories (Baylor). They found that 4 of the 250 individuals 

received molecular diagnoses for two non-overlapping genetic disorders. Their initial review of 

the next 250 probands revealed 3 additional cases with two distinct genetic disorders for a total 

of 7 out of 500 or 1.4% of all individuals sequenced. 
13

 A recent review of the first 500 WES 

tests ordered through Ambry Genetics Corp. revealed that 11 out of 500 or 2.2% of all 

individuals tested received diagnoses of two separate genetic disorders. 
5
 These dual diagnoses 

account for 6.5% and 7% of all positive results respectively. 
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  It is also relevant to consider the clinical settings in which whole exome sequencing is 

currently being used. In the publication by Yang et al. analyzing the initial 250 clinical exome 

sequencing tests processed at Baylor, it was determined that 80% of patients were children with a 

neurologic phenotype. 
13

 Neurodevelopmental disorders such as intellectual disability, epilepsy, 

autism, structural brain disease, and neuromuscular disorders are estimated to affect 4-6% of the 

general population and account for 5-10% of the total annual health care expenditure in the U.S. 

16, 17
  

 

1.8 Limitations and Technical Challenges of Exome Sequencing 

Whole exome sequencing may not detect a significant number of disorders such as 

nucleotide repeat expansion disorders, disorders due to mutations in the mitochondrial genome, 

and disorders caused by mutations in non-coding regions of the genome. These limitations 

should be considered prior to ordering WES. 

Within a single patient, WES detects thousands of variants, primarily consisting of 

benign polymorphisms or alterations within genes not known to be associated with the clinical 

phenotype. Typically fewer than five well described mutations known to be associated with 

disease are detected. 
18

 Because a small number of likely candidate genes must be sorted from 

the thousands of variants detected, the data analysis and interpretation is one of the most 

significant and costly features of the test. 

In the last two and a half years, the number of laboratories offering clinical WES has 

increased and the price has been reduced. The data analysis remains the most cumbersome part 

of the process. It is also a potential source of error as thousands of variants must be culled down 

to a few potentially disease causing variants. There are a number of different data analysis 
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pipelines that can be used in this process, leading to potential variability between exome results 

from different testing laboratories. A 2013 study by O’Rawe, et al. sequenced 15 exomes from 

four families (using the same commercial kits) and analyzed the data using five different 

alignment and variant-calling pipelines (SOAP, BWA-GATK, BWA-SNVer, GNUMAP, and 

BWA-SAMtools). Their goal was to assess the accuracy and consistency between them. They 

found that the single-nucleotide variation (SNV) concordance between the five Illumina 

pipelines across all 15 exomes was 57.4% and 0.5 to 5.1% of the SNVs were called unique to 

each pipeline. Additionally the concordance for insertions and deletion (indels) was only 26.8% 

between three indel-calling pipelines analyzed. They found that additional accuracy was gained 

in variant discovery when genetic data from a multi-generational family was analyzed. 
19

  

It is estimated that 15% of the disease causing mutations responsible for Mendelian 

disorders exist outside of the exome
 3, 4

 and would therefore not be detected by WES. 

Additionally WES can miss some gross rearrangements, deletions or duplications that can result 

in disease. Some diseases are due to epigenetic changes or inheritable changes in the DNA 

expression that are not due to changes in the sequence. An example of an epigenetic change 

would be the methylation of a gene, a process which blocks the cellular machinery from reading 

the sequence of that gene. Methylation is a normal mechanism used to control gene expression, 

however when applied or removed inappropriately it can lead to disease.  

Another limitation of clinical diagnostic exome sequencing is our current understanding 

of the human genome. Many of the variants detected by WES are within genes with an unknown 

function or are changes that have never been seen before. The effect of the detected sequence 

variant is assessed using public mutations databases such as ClinVar, and locus specific 

databases such as LOVD (Leiden open variation database), consideration of the population 
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frequency and lab-specific protocols for examining recent literature findings. While these tools 

are useful, they are far from complete and are only as good as the data put into them. Some 

ethnic groups may be underrepresented in the large-scale studies such as the Human Genome 

Project or the 1,000 Genomes Project leading to a reduced accuracy of this tool in assessing the 

impact or frequency of a variant. 

Research on mouse and human genes has found that mammalian genes often have 

various transcription start sites and that what we understand as a single gene may produce a 

variety of transcripts due to the use of different promoters (start sites), splicing, and other 

transcriptional changes. 
20, 21

 This essentially means that a mutation found by WES which is 

thought to be disease causing; may in fact have no effect. Also a mutation in a promoter 

sequence that is outside of exome may affect the expression of the gene; this type of mutation 

would not be identified by WES, but may play an important role in disease.  

Identifying sequence variants in candidate genes is an essential step towards 

understanding the etiology and mechanism of an inherited disease. Laboratories can utilize 

models and databases to assess the likelihood that a variant will be deleterious, however it is 

clear that our understanding of the human genome, or even the human exome is far from 

complete. For this reason, whenever possible, those genetic variants predicted to be disease 

causing should be verified by protein functional studies to fully assess the physiological impact 

of the variant. 

 An important part of filtering and analyzing the significance of the variants detected is 

the ability to compare the patient’s results against those of unaffected and affected family 

members to see which variants segregate with the disease. This requires that family members, 

preferably parents or siblings and any affected  relatives who are willing and able, consent and 
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submit samples to be analyzed with the patient. This is not always possible as some conditions 

may result in early death of affected individuals and the complex dynamics of caring for a sick 

child may lead to the breakdown of the family unit. In some cases, the parents of a patient may 

disagree on the decision to pursue exome sequencing. 

 

1.9 Informed Consent and Ethical Challenges 

 Two major considerations in ordering a test with such broad diagnostic abilities are how 

to handle informed consent and the reporting of incidental findings. Informed consent is a 

process of educating the patient about the recommended test including the reason it is indicated, 

the risks, benefits, limitations and possible results. This discussion takes place prior to obtaining 

consent from the patient to initiate the test. Due to the nature of exome sequencing it is essential 

to address secondary or incidental findings, the possibility of learning of a diagnosis in the 

patient unrelated to reason for ordering the tests. These findings can vary widely, from 

determining that an individual has a hereditary cancer syndrome that puts them at a high risk of 

developing cancer, to learning that an individual is a carrier of a severe or even deadly recessive 

pediatric disease for which their offspring could be at risk. Additionally, novel mutations can be 

found and their effect may be difficult to predict, even in genes that are well understood.  

 Informed consent including an appropriate description of the possibility of uncertain 

results and incidental findings is the responsibility of the ordering provider and as such can vary 

based on the experience and training of the provider and their understanding of the breadth of 

possible secondary findings and the potential significance to their patient and the patient’s 

family. 
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 Carrier screening assays based on massively parallel sequencing have found that on 

average, each person carries at least 2.8 mutations known to cause severe pediatric recessive 

disease. 
22

 Finding a single mutation in a gene associated with an autosomal recessive condition 

does not indicate disease in the individual being tested; it does inform that individual of their 

carrier status and their potential to have an affected child. If the individual’s partner is also a 

carrier of a disease-causing mutation in the same gene, then there will be a one in four chance in 

each pregnancy of an affected child. 

 In 2013, Shahmirzadi et al. published a study of patient decisions regarding the disclosure 

of secondary findings among the first 250 individuals undergoing clinical diagnostic exome 

sequencing. They found that the overwhelming majority of patients consent to the disclosure of 

all available secondary findings. 
18

 How to both effectively and efficiently inform a patient or 

guardian of the vast spectrum of diseases and disorders that may be found, as well as their 

possible significance to the patient and other family members, is a daunting prospect and the 

subject of much debate.  

 

1.10 Prior Diagnostic Testing 

 There are a number of other categories of genetic testing methodologies, which may have 

been used prior to proceeding with exome sequencing. Each technology evaluated in this study is 

described here briefly, including data on the approximate diagnostic yield for each in specific 

settings. 
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1.10.1 Karyotype 

 A karyotype is a test performed by visually examining an individual’s chromosomes 

under a microscope to evaluate the size, shape and number of chromosomes. It is useful in 

detecting missing or extra chromosomes, large deletions, duplications or rearrangements within 

an individual’s DNA. A diagnosis can be made by karyotype in 5-15% of patients with global 

developmental delay. 
23, 24

    

 

1.10.2 Microarray 

 Clinical microarray analysis has been applied to detect both copy number variation and 

genotype at common SNP loci. Array comparative genomic hybridization (aCGH) is a 

microarray test used to detect copy number variation (CNV) where the patient’s DNA is isolated, 

broken into smaller pieces, labeled with fluorescent molecules and compared to a control DNA 

labeled with a different fluorescent molecule. The relative intensities of these two DNAs can be 

used to quantify copy number and detects amplifications and deletions in a patient’s genome on 

the order of kilobases. SNP arrays have the additional feature of being able to identify genotype 

data. This can support the quantification of a deletion or amplification, increases sensitivity 

towards identifying mosaic abnormalities, and has the additional feature of being able to identify 

long, continuous stretches of homozygosity, LCSH (or runs/regions of homozygosity, ROH). 

These LCSH may be suggestive of segmental or chromosomal UPD and identify regions where 

an imprinted gene may be underlying disease. LCSH may also suggest consanguinity and 

highlight regions where genes underlying autosomal recessive disease may contain homozygous 

mutations, even in cases where these stretches themselves are not pathogenic.  
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 A microarray chip is created containing thousands of spots organized into rows 

representing the expected sequences across the human genome (oligos) and single nucleotide 

polymorphisms (SNPs) or changes in a single letter of the genetic code. Each spot contains many 

copies of a unique sequence known as a probe. The patient’s fragmented and fluorescently 

tagged DNA is added to the chip and will bind to its corresponding sequence on the chip. The 

excess unbound DNA is washed off the chip which is then run through a machine which reads 

the intensity and color of the fluorescence at each spot and the data is analyzed by a computer. 

The data reported from the computer indicates any regions of unbalanced chromosomal 

abnormalities. Over time the aCGH technology has improved allowing detection of more 

abnormalities. Due to the improvements in the technology and approach, some individuals have 

received multiple microarray tests throughout their search for a diagnosis. The diagnostic yield 

of genome-wide microarray varies with different patient populations. For example, a diagnosis 

can be made by microarray in 15-20% of patients with global developmental delay. 
25

 

 

1.10.3 Single Gene Testing 

 Often a patient’s symptoms, physical exam and/or biochemical studies can provide clues 

towards a group of inherited diseases, or even provide a clinical diagnosis. The clinical diagnosis 

or suspected condition can often be confirmed by molecular testing specific to that condition. 

This often consists of sequencing specific genes associated with the patient’s symptoms or 

clinical diagnosis and testing to look for deletions and duplications within the gene. The 

diagnostic yield for single gene testing is variable and test specific. 
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1.10.4 Gene Panels 

 Gene panels are an efficient way to examine multiple genes known to be associated with 

a specific phenotype or set of symptoms. A panel can contain as few as two genes or up to 

hundreds of genes. Panels for the same clinical presentation, such as epilepsy, may contain 

different numbers of genes at different laboratories. Also as new discoveries are made, genes 

may be added to, or removed from a panel over time such that an individual who was tested with 

an epilepsy panel one year, may have in fact been tested for different genes than another person 

who received the epilepsy panel from the same lab in another year. Like single gene testing, the 

diagnostic yields for gene panels are variable and test specific. 

 

1.10.5 Fluorescence in situ hybridization (FISH)  

 FISH is a technique used to identify and localize the presence of specific DNA sequences 

on chromosomes. The test involves the creation of sequence specific fluorescent probes that bind 

to the specific sequence of interest and, only when bound to the DNA will emit a specific color 

of fluorescence. The chromosomes can be observed by fluorescence microscopy and the copy 

number and locations of the target sequence can be identified. Although microarray technology 

has largely taken place of FISH, it remains useful as it can detect balanced rearrangements that 

would be missed in microarray.  

 

1.10.6 Subtelomeric Fluorescence in situ hybridization (sFISH) 

 Subtelomeric FISH (sFISH) is the utilization of fluorescence in situ hybridization to 

detect the regions of DNA adjacent to the telomeres. Telomeres are present on the ends of 

chromosomes that prevent chromosome deterioration. The subtelomere is the region of DNA 
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between the telomere cap and the DNA sequence of the chromosome. Microdeletions and 

rearrangements in the subtelomere region have been associated intellectual disability as well as 

specific syndromic diseases.  

 

1.10.7 Chromosome Breakage Analysis 

 Chromosome breakage syndromes are a rare group of disorders in which a person’s 

genetic material is less stable and more prone to chromosomal breakage and rearrangements, 

leading to a significantly increased risk of cancers. Analysis involves treating cultured blood 

cells with a compound known as DEB that promotes chromosome breaks and assessing how the 

cells react. 

 

1.10.8 Methylation Testing 

 DNA methylation is one way in which the cell regulates the expression of genes. 

Methylation occurs by the addition of a methyl group to the sequence of a gene. The methyl 

group then blocks the attachment of the cellular machinery necessary to read the gene sequence 

and produce the protein encoded by that gene. This is sometimes described as “turning off” the 

gene. This is a normal cellular process, however when gene expression is incorrectly regulated, 

disease can occur. Methylation testing is generally done on a specific gene or region of a 

chromosome based on the disease suspected. 

 

1.10.9 Mitochondrial Testing 

 The mitochondria are often described as the powerhouses of the cell. Most of the genes 

associated with mitochondrial function are encoded in the nuclear genome, however additional 



20 
 

genes essential to the mitochondria are contained in a separate genome within the mitochondria 

themselves. The mitochondrial genome is unique in that it is always inherited maternally. Each 

cell contains many mitochondria and mutations can be present within a fraction of the 

mitochondria in a single cell. This is known as heteroplasmy. This can result in unpredictable 

inheritance and spectrum of symptoms within individuals with the same disease. Mitochondrial 

panel testing often includes sequencing and deletion/ duplication studies of genes in both the 

nuclear and mitochondrial genome. Some tests exclusively sequence the mitochondrial genome, 

mitochondrial genes located within the nuclear genome or subsets within those groups.  

 The majority of the patients examined in this study had undergone some form of genetic 

testing prior to pursuing exome sequencing. For many of the patients, all or part of this testing 

was completed prior to the availability of clinical exome sequencing. However, for those born 

after September 2011,  when exome sequencing became available, the practitioner may have 

needed to make a decision between ordering one or more of these other technologies first, or 

proceeding directly to exome sequencing.  

 Traditionally the diagnostic approach when a genetic disorder is suspected has included 

an examination of the patient to assess the phenotype, followed by carefully selected single gene 

tests to confirm a clinical diagnosis. For single gene disorders associated with a recognizable 

phenotype this approach remains highly effective and cost efficient.  

 However, many genetic diseases are not caused by mutations in a single gene associated 

with a recognizable phenotype. These heterogeneous diseases often require a series of test prior 

to arriving at the correct diagnosis. A 2013 study by Neveling et al. comparing the utility of 

Sanger sequencing and exome sequencing for a variety of heterogeneous diseases concluded that 

exome sequencing had a higher diagnostic yield than Sanger sequencing in the evaluation of 
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deafness, blindness, mitochondrial disease and movement disorders. They extrapolated that if all 

available single gene tests had been ordered by the providing physicians, they would have 

observed a higher diagnostic yield utilizing exome sequencing at a fraction of the cost. 
26

  

Generally a thorough clinical exam would be useful in excluding some syndromic causes 

of these heterogeneous conditions, and would be used to narrow and prioritize the single gene or 

gene panels to be selected and ordered, often sequentially. The conclusion of the study was that 

exome sequencing can provide a diagnosis more often than all of the phenotype associated single 

gene tests available to them. Although a relatively costly test, exome sequencing can cost less 

than the sum of many sequential single gene tests or panels. When testing is ordered 

sequentially, waiting for the result of each test before moving on to other candidate genes, this 

can be a time consuming process. It may be months between clinical visits and if each one results 

in trying a new test, it could take years to get through even a relatively short list of highly 

suspected candidate genes. For individuals with a nonspecific phenotype, the list of candidate 

genes may be quite long. This can be ameliorated by the use of gene panels or the option of 

reflex testing in which a single order specifies that test be completed in a sequential order until a 

significant result is obtained at which point the testing is stopped. These approaches can 

significantly reduce the time it takes to obtain a diagnosis, however in some cases panels or 

reflex testing orders are not an option due to requirements of the health insurance provider to 

order and authorize each single gene test individually. 

 

1.11 Study Objective and Hypotheses  

 The study objectives were to examine how Whole Exome Sequencing (WES) has been 

used since it became clinically available in late 2011, by describing the demographics and prior 
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genetic testing of the population receiving this test, and examining how those factors relate to the 

test result and clinical presentation of the patients.  

 An additional goal was to examine if the diagnostic yield and demographics had changed 

significantly over time in the two years of data collection. It was hypothesized that the diagnostic 

yield would change over time based on the thought that many of the initial cases would be those 

the ordering providers had been holding on to, waiting for the next new test; cases that were 

strongly suspected to have a genetic etiology, but had negative results on all prior available 

testing. Additionally as providers transitioned from these cases to a broader set of patients, it was 

hypothesized that there would be a decreasing rate of positive results which should plateau at a 

true diagnostic yield.  

 Our genetics do not change with age; however earlier onset conditions are considered 

more likely to be genetic as there have been fewer opportunities for environmental components 

to play a role in disease onset and progression. Based on antidotal experience in clinic, an adult 

must present with a more severe, unique or genetically characteristic phenotype to be referred for 

a genetics evaluation, leading to an increased diagnostic yield in the adult patients tested. Due to 

these balancing factors, it was hypothesized that there would not be a significant correlation 

between age and diagnostic yield. Although X-linked conditions would have a different 

distribution between males and females, it was hypothesized that they would represent a small 

enough proportion of total positive results that gender would not significantly correlate with the 

diagnostic yield.  

 Anecdotal reports suggest that a high percentage of WES is ordered by neurologists. 

Because of this and anecdotal experience with the high volume of patients seen in the genetic 
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clinics with some form or neurological involvement, a high proportion of patients were expected 

with neurological involvement reflected in the clinical presentation. 
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2. METHODS 

2.1 IRB Application and Approval Process 

 An application for human subjects research project (HS# 2014-1026 ) was registered with 

the UC Irvine Institutional Review Board (UCI IRB) as Exempt from Federal regulations in 

accordance with 45 CFR 46.101. The research protocol was completed and evaluated by the 

appropriate IRB committee in the Human Research Protections Department of the UC Irvine 

Office of Research. The protocol was approved under exempt review category 4 on February 19, 

2014. 

 

2.2 Whole Exome Sequencing 

 Whole exome sequencing for all samples was performed for diagnostic purposes prior to 

the initiation of this study by Ambry Genetics, as described by Farwell, et al. 

“Genomic deoxyribonucleic acid (gDNA) was isolated from whole blood from all 

the probands and accompanying relatives… Enrichment was done using the 

SureSelect Target Enrichment System (Agilent Technologies, Santa Clara, CA) or 

SeqCap EZ VCRome 2.0 (Roche NimbleGen, Madison, WI).  Briefly, each DNA 

sample is sheared, blunt-end repaired, and adaptor-ligated using indexed adapters. 

Using solution-based hybridization with oligonucleotide probes, the coding exons 

and neighboring intronic sequence of the genome are enriched and the non-

targeted sequences are washed away. The enriched exome libraries were then 

applied to the solid surface flow cell for clonal amplification and sequencing 

using paired-end, 100bp paired-end chemistry on the Illumina HiSeq 2000 or 

2500 (Illumina, San Diego, CA).” 
5
   

 

2.3 Data Collection 

 A research agreement was made with Ambry Genetics, one of several CLIA certified 

laboratories offering exome sequencing in the United States. This agreement provided access to 

their database of the first 500 completed exome sequencing from the launch of Diagnostic 

Exome Sequencing (DES) in September of 2011. Existing data points included the result 
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category, molecular diagnosis provided, patient’s date of birth, gender, parental consanguinity, 

differential diagnosis (if provided by ordering physician), a brief clinical summary, negative 

clinical findings, family history, ancestry, ethnicity (categorized as Caucasoid, Caucasoid/ 

Mongoloid, Mongoloid, Mongoloid/ Negroid, Negroid or Negroid/ Caucasoid), past testing 

history, gene mutations reported, notable finding (variants with unlikely significance), overall 

health categories applicable (multiple congenital anomalies, mental retardation (MR)/intellectual 

disability (ID)/developmental delay (DD), autism spectrum disorder (ASD), psychiatric, 

seizures/ epilepsy, ataxia, brain MRI positive, phenotype is progressive, healthy), organ system 

involvement (allergy/immunologic/infectious, audiologic/otolaryngologic, cardiovascular, 

craniofacial, dental, hematologic, dermatologic, endocrine, gastrointestinal, genitourinary, 

metabolic/ biochemical, musculoskeletal/structural, neurologic, obstetric, oncologic, 

ophthalmologic, pulmonary and renal). For the purpose of examining prior testing, a review of 

each patient’s test requisition packet was completed. The review included any prior testing 

records, visit notes from the ordering physicians, genetic counselors, evaluations by consulting 

specialists as well as the authorization and consenting paperwork completed by the ordering 

provider.  

 Each patient’s test requisition packet including visit notes and prior test results was 

reviewed and all prior genetic testing data (karyotype, microarray, number of microarray, single 

gene/ single site testing, number of single gene/ single site tests, panel(s), number of panels, 

FISH, sFISH, chromosome breakage analysis, methylation studies, mitochondrial testing) was 

recorded for each of the 500 subjects. The date of test authorization and date of test report were 

obtained from an additional lab database and were used to calculate the age of each patient (in 

months) at the time of the test authorization. This information was then uploaded into the 
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primary patient database. From this complete dataset a secondary dataset was extracted removing 

all patient identifiers. A single sample was removed from the data set as it was reported after 

February 19, 2014, the IRB approval date for this project (HS# 2014-1026); the IRB protocol 

specifically states that this is a retrospective study; only samples which were reported prior to the 

IRB approval date are included. The final dataset included 499 subjects. A key was created 

linking the secondary dataset to the complete dataset to allow confirmation if necessary. For 

example, if any questions arose during analysis with respect to whether a data point had been 

coded accurately. The key was in the sole possession of an assigned Ambry employee. 

 

2.4 Exome Result and Diagnostic Yield 

 The result of WES was recorded as one of the 6 categories created by Ambry Genetics, 

summarized in table 1. All 499 cases had result data. A total of 81% of the 499 cases evaluated 

fell into categories 1 (positive) and 6 (negative). The remaining 19% fell into categories 2-5, 

describing results of various levels of uncertainty. Due to the relatively low number of samples 

in categories 2-5 these were combined into a category labeled “uncertain”. Diagnostic yields 

were described as the percentage of positive results within a given group. 

 

 

Table 1: Ambry Genetics WES Result Classification Categories 

Result 

Category Result Category Description 

1 POSITIVE: Relevant Alteration(s) Detected 

2 LIKELY POSITIVE: Relevant Alteration(s) Detected 

3 

LIKELY POSITIVE: Relevant Alteration(s) Detected 

(Novel Gene) 

4 

UNCERTAIN: Alteration(s) of Uncertain Clinical 

Significance Detected 

5 

POSSIBLY POSITIVE: Relevant Alteration(s) Detected 

(Novel Gene) 

6 NEGATIVE: No Relevant Alterations Detected 
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2.5 Prior Genetic Testing 

 Prior genetic testing was recorded in the following categories: karyotype, microarray, 

single gene tests, gene panels, FISH, subtelomeric FISH, chromosome breakage studies, 

methylation studies and mitochondrial disease testing. A total of 452 cases included information 

on prior testing either as test results submitted with the exome test requisition or as 

documentation of testing in clinical notes or in the letter of medical necessity completed to 

request insurance coverage for WES. The remaining 47 cases either did not have any genetic 

testing prior to WES or the ordering provider did not provide any documentation of testing. The 

test categories were determined by similarities in technology and function and the limitations in 

the data provided. The category of microarray was used to describe all types of microarray 

technologies including BAC array, oligo and oligo/SNP combination arrays, which were often 

not differentiated in clinician notes. The category of single gene/ single site testing was used to 

capture a large variety of test generally completed when a diagnosis or diagnostic category was 

under suspicion. It was often not clear when multiple tests were completed on the same gene 

(such as gene sequencing and deletion/ duplication studies), whether these were ordered 

separately or as a single test. Other reports would indicate that a specific gene was tested but 

would not clarify if that was sequencing, sequencing and deletion/duplication studies, screening 

for common mutations, etc. For this reason they were grouped as a single gene that was tested. 

 

2.6 Time of Test  

 Ambry Genetics began offering clinical WES in the fall of 2011. The data included the 

exact date the test was authorized on which is being used as the date of the test. Due to the 
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retrospective nature of this study, the collection was cut off at a date determined by IRB 

approval. For the purpose of this research project, the test authorization date data was broken 

down into groups based on the annual quarter in which the test authorization occurred. Due to 

the arbitrary initiation and cessation dates, only 1.4% of the data fell within the 4
th

 quarter of 

2011 and the 1
st
 quarter of 2014. For this reason these were removed from the categorical data 

analysis of the test authorization date. 

 

2.7 Clinical Presentation: Health Category and Organ System Involvement 

 The clinical categories listed on the requisition form which accompanies each sample do 

not include definitions, allowing for variable interpretation by different ordering providers. 

Additionally some providers did not complete this section. This variability was minimized by a 

review process in which a geneticist or genetic counselor reviewed the documentation submitted 

with the test requisition, including the letter of medical necessity, records of prior testing and 

clinical notes describing the patient’s condition and evaluations that preceded the exome request. 

This review was used to amend or complete the health category and organ system involvement 

portions of the patient database. This review process was done for the construction of the Ambry 

Genetics database and was completed prior to the initiation of this research project. 

 

2.8 Gender 

 The gender of each of the 499 cases was provided as either male or female.  
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2.9 Age 

 The age of each individual was calculated in months utilizing the date of birth and the 

authorization date in the original Ambry database. Analysis of age was completed using 494 

samples. Four fetal samples were excluded from this calculation, as well as one sample that was 

originally obtained from a deceased infant more than 25 years ago. 

 

2.10 Ethnicity 

 Ethnicity was recorded as being either Caucasoid (European ancestry), Mongoloid (Asian 

ancestry), Negroid (African ancestry) or a combination of two of these categories. The ethnicity 

of the patient was provided for 412 of the 499 cases reviewed. For the remaining individuals 

sufficient information was not available to determine the ethnicity of the patient. 

 

2.11 Parental Consanguinity 

 Parental consanguinity was determined from the information provided in the referral 

packets submitted by the healthcare provider requesting WES. Data was provided on a total of 

442 cases. Two cases were categorized as “suspected consanguinity” due to conflicting or 

unclear reports. 

 

2.12 Statistical Analysis 

 The data was analyzed using MYSTAT, a complementary academic version of SYSTAT. 

Comparisons containing only categorical data were analyzed using two-way tables; p-values 

were obtained to determine the significance of variability between the categories. Categorical 

data included test result category, gender, consanguinity of parents, ethnicity, health categories 

selected, organ system involvement and each type of prior testing. 
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 Continuous data was analyzed using ANOVA and/or a two-sample t-test; p-values were 

obtained to determine the significance of variability between the categories. Continuous data 

categories included the patient’s age, number of single gene tests completed and the number of 

times microarray testing was repeated. The number of single gene/single site tests performed did 

not have a normal distribution and was therefore analyzed by the Kruskal-Wallis nonparametric 

test. The p-values reported are not corrected for multiple comparisons. 

 

2.13 Illustrative Cases 

 The clinical findings and family history information were reviewed for a number of cases 

that were thought to illustrate the ACMG criteria for the clinical use of Whole Exome 

Sequencing (WES). These cases along with other notable cases are described in the discussion. 
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3. RESULTS 

3.1 Exome Result and Diagnostic Yields 

 

Table 2: Ambry Genetics Test Result Category Distribution 

 
 

 

Figure 2: Ambry Genetics Test Result Category Distribution 

 
 

 The distribution of cases amongst the six Ambry Genetics result categories is described 

in Table 2 and Figure 2. The data were not uniformly distributed among the six result categories. 

Category 1 contains patients with a positive result, category 6 contains patients with negative 

results and categories 2-5 describe a spectrum of uncertain results. As seen in Table 2, 26% of 

Result Category Result Category Description Count Percent

1 POSITIVE: Relevant Al teration(s ) Detected 130 26%

2 LIKELY POSITIVE: Relevant Al teration(s ) Detected 24 5%

3 LIKELY POSITIVE: Relevant Al teration(s ) Detected (Novel  Gene) 15 3%

4 UNCERTAIN: Alteration(s ) of Uncerta in Cl inica l  Signi ficance Detected 56 11%

5 POSSIBLY POSITIVE: Relevant Al teration(s ) Detected (Novel  Gene) 0 0%

6 NEGATIVE: No Relevant Al terations  Detected 274 55%

499 100%Totals
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the cases received a positive result, indicating that one or more genetic changes were found that 

explained the clinical presentation of the patient and a diagnosis was given; meaning the overall 

diagnostic yield for all 499 cases was 26%. For 55% of all cases, the result was negative, 

indicating that no genetic changes were found that could explain the clinical presentation of the 

patient. No cases were determined to fit into category 5: Possibly Positive- novel gene. The 

remaining 19% of cases fell into Likely Positive (5%), Likely Positive- novel gene (3%), and 

Uncertain (11%). 

 

Table 3: Result Category Grouped as Positive, Uncertain or Negative 

 
 

Figure 3: Result Category Grouped as Positive, Uncertain or Negative 

 
 

Ambry Result 

Category

Result 

Description
Percent Count

1 Positive 26.05% 130

2 -5 Uncertain 19.04% 95

6 Negative 54.91% 274

Total 100.00% 499
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 A total of 81% of the cases were distributed between the Positive and Negative 

categories; while the remaining 19% was distributed between the uncertain categories. The low 

number of cases in each of the uncertain categories was limiting to statistical analysis. For this 

reason categories two through five were combined to create a single Uncertain category that 

could be analyzed against the Positive and Negative result categories (Table 3 and Figure 3).  

 

3.2 Prior Genetic Testing 

 

Table 4: Prior Genetic Testing Reported 

 
 

 

 

 

 

 

Genetic Test

No Yes 

count 243 209 452

percent 54% 46% 100%

count 94 358 452

percent 21% 79% 100%

count 134 318 452

percent 30% 70% 100%

count 345 107 452

percent 76% 24% 100%

count 399 53 452

percent 88% 12% 100%

count 430 22 452

percent 95% 5% 100%

count 448 4 452

percent 99% 1% 100%

count 362 90 452

percent 80% 20% 100%

count 365 87 452

percent 81% 19% 100%

Test Completed 
Totals

subtelomeric FISH

Chromosome breakage

Methylation studies

Mitochondrial tests

Karyotype

Microarray

Single Gene/ single site

Panel

FISH
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Figure 4: Prior Genetic Testing 

 
 

 

 A total of 452 cases or 91% reported prior genetic testing. Table 4 and Figure 4 display 

the number and percentage of cases that reported each category of prior testing.  Microarray was 

completed for 79% of individuals, single gene testing was completed for 70% and karyotypes 

were completed for 46% of all individuals who were reported as having had prior genetic testing.  

Microarray and single gene test were the only testing categories that had a greater percentage of 

individuals who had completed the test than had not. The number of individuals who had 

completed a karyotype (46%) was approximately equal to the number that had not (54%). In all 

other testing categories, fewer than 25% of individuals who reported prior testing had completed 

each type. 
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3.3 Time of Test by Annual Quarter 

 

Table 5: Annual Quarter of WES Authorization Date 

 
 

 

Figure 5: Distribution of Test Authorizations over Time 

 

 The initiation and cessation of data collection did not correspond with the annual 

quarters. The 4
th

 quarter of 2011 and the 1
st
 quarter of 2014 did not contain complete data and 

accounted for a combined 1.5% of all samples. For this reason these quarters were removed from 

categorical analysis based on the date the test was ordered. 

 The distribution of cases over time was not equal; rather it fits a bell-curve distribution. 

As seen in Figure 5, the majority of cases, 56.1% were centered in the middle of the observed 

time occurring between the 3
rd

 quarter of 2012 and the1
st
 quarter of 2013.  

 

Year

Quarter 1st 2nd 3rd 4th 1st 2nd 3rd 4th

Count 16 60 87 98 91 57 49 34

Percent 3.3% 12.2% 17.7% 19.9% 18.5% 11.6% 10.0% 6.9%

2012 2013

0.0%

5.0%

10.0%

15.0%

20.0%

25.0%

2012
1st

2012
2nd

2012
3rd

2012
4th

2013
1st

2013
2nd

2013
3rd

2013
4th
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3.4 Clinical Presentation: Health Category and Organ System Involvement 

 

Table 6: Health Categories 

 
MR/ID/DD = mental retardation/intellectual disability/ developmental delay, ASD= autism spectrum disorder 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Health Category Description 
Health 

Category
No Yes Totals

count 357 141 498

percent 72 28 100

count 178 321 499

percent 36 64 100

count 450 49 499

percent 90 10 100

count 456 42 498

percent 92 8 100

count 379 120 499

percent 76 24 100

count 440 59 499

percent 88 12 100

count 331 168 499

percent 66 34 100

count 431 68 499

percent 86 14 100

count 499 0 499

percent 100 0 100

Multiple Congenital Anomalies A

MR/ID/DD B

ASD C

Psychiatric D

Seizures/ epilepsy E

Ataxia F

Brain MRI positive G

Phenotype is progressive I

Healthy 0
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Figure 6: Health Categories 

 
 

  

Table 6 and Figure 6 provide information on the number and percent of cases that were 

reported to have each health category description. The most frequent health category reported 

was mental retardation/ intellectual disabilities/ developmental delays (MR/ID/DD) seen in 64% 

of all WES cases. 
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Table 7: Organ System Involvement 

 

Organ System
Organ System 

Involvement Reported
Count Percent

No 424 85%

Yes 74 15%

No 429 86%

Yes 69 14%

No 413 83%

Yes 85 17%

No 296 59%

Yes 202 41%

No 475 95%

Yes 23 5%

No 457 92%

Yes 41 8%

No 411 83%

Yes 87 17%

No 443 89%

Yes 55 11%

No 374 75%

Yes 124 25%

No 445 89%

Yes 53 11%

No 431 87%

Yes 67 13%

No 225 45%

Yes 273 55%

No 177 36%

Yes 321 64%

No 491 99%

Yes 7 1%

No 479 96%

Yes 19 4%

No 354 71%

Yes 144 29%

No 450 90%

Yes 48 10%

No 439 88%

Yes 59 12%

Obstetric

Oncologic

Ophthalmologic

Pulmonary

Renal

Neurologic

Allergy/Immunologic/Infectious

Audiologic/Otolaryngologic

Cardiovascular

Craniofacial

Dental

Dermatologic

Hematologic

Endocrine

Gastrointestinal

Genitourinary

Metabolic/ Biochemical

Musculoskeletal/Structural

A single case did not include data on organ system involvement, and was therefore not included in analysis. 
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Figure 7: Organ System Involvement 

 

 

 Table 7 and Figure 7 provide information on the number and percent of cases that were 

reported to have involvement of each of the organ systems. The most frequently reported organ 

system involved in the patients disease was neurological (64%) followed by Musculoskeletal 

(55%). 

 

3.5 Gender 

 

Table 8: Gender Distribution 

  Count Percent 

Female 228 46% 

Male 271 54% 

Total 499 100% 

P= 0.054 Chi-square (df=1) 
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Figure 8: Gender Distribution amongst All 499 Subjects 

 
P= 0.054 Chi-square (df=1) 

 

 The gender distribution of cases was not significant (p=0.054). Females accounted for 

46% of all exome cases, while males accounted for 54%. 
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3.6 Age 

 

Table 9: Descriptive Statistics of Age at Time of Authorization 

 

 

 Analysis of age was done using 494 samples. Four fetal samples were excluded from 

analysis, as well as one sample originally obtained from a deceased infant more than 25 years 

ago. The average age of a patient at the time of exome sequencing authorization was 139 months 

or 11.6 years.  

 Of the 494 samples analyzed, 84 (17%) were adults, 18 years (216 months) or older. The 

remaining 410 (83%) were under 18 years (Table 9). 

Of the pediatric cases, the average age at the time of the test was 5.7 years (SD= 4.6) or 

68.5 months (SD=54.7) and the median age was 4.3 years or 51.8 months. Of the Adult cases the 

average age was 40.22 years (SD=18.6) or 482.7 months (SD= 223.3) and the median age was 

35.64 or 427.63 months (Table 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

months years months years months years

Minimum 0 0 0 0 216 18

Maximum 1028 86 214 18 1028 86

Median 67 6 52 4 428 36

Arithmetic Mean 139 12 68 6 483 40

Standard Deviation 187 16 55 5 223 19

N of Cases

Adult cases (≥ 18 years)

84 (17%)

All cases

494 (100%) 410 (83%)

Pediatric cases (< 18 years)
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3.7 Ethnicity 

 

 

Table 10: Ethnic Distribution  

 
 

 

 

Figure 9: Ethnic Distribution  

 
n= 412 

 

 

 An unequal distribution was observed in the number of cases amongst the six ethnic 

categories. The large majority of cases (85%) were identified as Caucasoid (Table 10 and Figure 

9). The next largest ethnic group was Mongoloid representing 9% of all cases. The low numbers 

of non-Caucasian groups did not allow for an accurate statistical analysis of all ethnic categories 

represented in the data set. 

Caucasoid
Caucasoid/ 

Mongoloid
Mongoloid

Mongoloid/ 

Negroid
Negroid

Caucasoid/ 

Negroid
Total

count 349 10 37 2 11 4 412

percent 85% 2% 9% 0% 3% 1% 100%

Ethnicity
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3.8 Parental Consanguinity 

 

 

Table 11: Consanguinity Distribution 

 
 

 

 

Figure 10: Consanguinity Distribution  

 
 

 The large majority of cases were non-consanguineous (91%). See Tables 11 and Figure 

10. 

 

Consanguinity Status count percent

Consanguinity Stated 39 8.82%

Consanguinity Denied 401 90.72%

Consanguinity Suspected 2 0.45%

Total 442 100.00%

8.82% 

90.72% 

0.45% 
0.00%

10.00%

20.00%

30.00%

40.00%

50.00%

60.00%

70.00%

80.00%

90.00%

100.00%

Consanguinity Stated Consanguinity Denied Consanguinity Suspected
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3.9 Data Comparisons 

Table 12: Test Result vs. Number of Single Gene Tests 

  
Chi-square (df=8) = 6.769, p=0.562 

 

Figure 11: Test Result vs. Number of Single Gene Tests 

 

 

  

N % N % N % %

1 32 34.8 31 50 77 47.2 140 44.2

2 26 28.3 12 19.4 39 23.9 77 24.3

3 12 13 5 8.1 20 12.3 37 11.7

4 10 10.9 6 9.7 13 8 29 9.1

≥5 12 13 8 12.9 14 8.6 34 10.7

All 92 100 62 100 163 100 317 100

none 24 26 85 135

Number 

of Gene 

Tests

Positive Uncertain Negative Total

Results Category
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 A statistical analysis of the number of single gene tests vs. result category was done using 

a Kruskal-Wallis nonparametric test. A nonparametric analysis was necessary, as the number of 

single gene test data did not fit a normal distribution. The number of single gene tests differed 

significantly (p=0.004, Chi-square df= 2) with respect to the result category. A trend was 

observed indicating that those individuals with a positive WES result were more likely to have 

completed a higher number of single gene tests than those with an uncertain or a negative result. 

 As the age data did not fit a normal distribution, the analysis of age at the time of test was 

done using a Kruskal-Wallis nonparametric test. The age at time of authorization did not differ 

significantly (p=0.281, Chi-square df= 2) with respect to the result category.  

 

Table 13: Annual Quarter of Exome vs. Result Categories 

  
P=0.339, Chi-square (df=14) 

 

Annual Quarter
Positive 

(n=129)

Uncertain 

(n=94) 

Negative 

(n=269)
Total

count 4 8 4 16

percent 25 50 25 100

count 18 13 29 60

percent 30 22 48 100

count 24 15 48 87

percent 28 17 55 100

count 27 15 56 98

percent 28 15 57 100

count 23 17 51 91

percent 25 19 56 100

count 16 11 30 57

percent 28 19 53 100

count 11 10 28 49

percent 22 20 57 100

count 6 5 23 34

percent 18 15 68 100

3rd 2013

4th 2013

1st 2012

2nd 2012

3rd 2012

4th 2012

1st 2013

2nd 2013
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 Table 13 contains the data on the test result category relative to the annual quarter of 

exome authorization. A two-way analysis did not reveal a significant difference (p=0.339) in the 

test result category with respect to the annual quarter the test was authorized. This shows that the 

diagnostic yield has not been significantly different over time. 

Table 14: Gender by Quarter 

 
P= 0.733 Chi-square (df=7) 

 

Figure 12: Gender by Quarter 

 
P= 0.733 Chi-square (df=7) 

 

 

The distribution of gender over time is described in table 14 and Figure 12. The 

proportion of male and female patients did not differ significantly (p=0.733) over time.  

Year

Quarter 1st 2nd 3rd 4th 1st 2nd 3rd 4th

count 9 26 41 43 44 25 18 19 225

percent 1.8% 5.3% 8.3% 8.7% 8.9% 5.1% 3.7% 3.9% 45.7%

count 7 34 46 55 47 32 31 15 267

percent 1.4% 6.9% 9.4% 11.2% 9.6% 6.5% 6.3% 3.0% 54.3%

count 16 60 87 98 91 57 49 34 492

percent 3.3% 12.2% 17.7% 19.9% 18.5% 11.6% 10.0% 6.9% 100.0%

2012 2013
Total

Female

Male

Total
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Table 15: Prior Testing by Health Category 

 
  

Table 15 describes the prior genetic testing ordered for each of the eight health categories as both 

a count and a percentage of all individuals in a given health category. There was no limit to the 

number of health categories that could be assigned to a single case. The percentage of individuals 

who had completed a given test type remained generally consistent across the health categories, 

and only 6 of the 72 comparisons deviated from the percentage of all cases to have completed a 

given test type by ±10%. 

  

Health Category*
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count 78 121 89 29 24 6 3 23 13

percent 57% 88% 65% 21% 18% 4% 2% 17% 9%

count 161 257 221 75 39 20 4 75 66

percent 52% 89% 71% 24% 13% 6% 1% 24% 21%

count 23 46 33 9 6 4 0 9 10

percent 47% 94% 67% 18% 12% 8% 0% 18% 20%

count 17 34 28 6 8 2 1 10 5

percent 44% 87% 72% 15% 21% 5% 3% 26% 13%

count 54 92 88 37 14 7 1 24 35

percent 47% 81% 77% 32% 12% 6% 1% 21% 31%

count 24 41 45 15 5 3 0 11 14

percent 45% 78% 85% 28% 9% 6% 0% 21% 26%

count 77 139 120 40 12 12 2 37 30

percent 49% 88% 76% 25% 8% 8% 1% 23% 19%

count 21 44 50 11 3 3 1 9 20

percent 34% 71% 81% 18% 5% 5% 2% 15% 32%

ALL patients (n=452) 209 (46%) 358 (79%) 318 (70%) 107 (24%) 53 (12%) 22 (5%) 4 (1%) 90 (20%) 87 (19%)

* Note: Totals do not add to 452, as a single patient can have multiple Health Categories. Additionally, Not all  patients had 

prior test data which limits the totals within test result categories.

Multiple Congenital 

Anomalies (n=137)

MR/ID/DD (n=310)

ASD (n=49)

Psychiatric (n=39)

Seizures/ epilepsy 

(n=114)

Ataxia (n=53)

Brain MRI positive 

(n=158)

Phenotype is 

progressive (n=62)
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4. DISCUSSION 

 The purpose of this study was to examine how WES has been used since it became 

clinically available in late 2011 and identify if there are significant variations in the diagnostic 

yield amongst different demographic groupings including clinical presentation, age, gender, 

ethnicity, parental consanguinity, and completion of previous genetic testing. An additional goal 

was to describe the demographics and examine if the diagnostic yield and demographics had 

changed significantly over time in the two years of data collection. 

 

4.1 Exome Result and Diagnostic Yields 

 It was hypothesized that the diagnostic yield would change over time, with the reasoning 

that the types of cases would have changed. It was thought that the first cases would be the most 

severe cases with a high suspicion of a genetic etiology, and these may have led to an inflation of 

the early calculations of diagnostic yield. As WES became more accepted and common place, its 

use would expand. It was thought that as this occurred the diagnostic yield would show a 

downward trend, before leveling off.  

 As the data in Table 13 demonstrates, this hypothesis was not supported. In fact, there 

was little variation in the diagnostic yield over time. The diagnostic yield was described as cases 

receiving a positive diagnostic result. The diagnostic yield for the full data set of 499 cases was 

26%. This is consistent with the 25% diagnostic yield reported in the only other large scale 

study, performed on 250 cases. This research team added an addendum stating that in the 

subsequent 500 cases analyzed while their publication was under review, a similar diagnostic 

rate of 26% was observed.
12
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  It was hypothesized that there would not be a significant correlation between age and test 

result or diagnostic yield. It was reasoned that an individual’s genetics do not change over time. 

The data supported this hypothesis.  

 As hypothesized, gender did not significantly correlate with the diagnostic yield. 

Although some conditions with X-linked inheritance are identified more frequently in males, 

these disorders likely do not account for a large enough volume to affect the overall gender 

distribution with the positive results. 

 

4.2 Prior Genetic Testing 

 

 As the ACMG guidelines suggest, WES is not currently recommended as a first tier test. 

It is suggested that a microarray be ordered prior to exome sequencing, and all other relevant 

testing be considered. However ordering WES is not limited to geneticists and providers in many 

fields are utilizing this technology. As ordering providers may not be familiar with the current 

guidelines, it was surprising to see that 91% of all cases reported prior genetic testing. It was not 

surprising that the test category most frequently ordered was microarray as it is also a test that 

was designed to look for genetic changes across the genome. Copy number changes can 

theoretically occur in any region, affecting any gene- resulting in an unimaginable spectrum of 

phenotypes. For this reason, microarrays have the broadest application of any of the test 

categories. Of those who had reported prior genetic testing, 79% had a microarray. Single gene 

tests were completed in 70% of these individuals. This number was also expected to be high due 

to the study design. This category encompasses the greatest number of individual tests. As the 

frequency of each single gene or single site test would be much too small to analyze they were 

grouped into a single category. Karyotypes were completed for about half of the individuals with 

prior testing. This is often a first tier test. 
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 Table 15 compares prior testing by health category. Generally, the percentage of 

individuals within a given health category whom had completed a given type of prior testing was 

consistent with the percentage of total individuals (n=452) that completed that test type. For 

example, 46% of all patients had a karyotype prior to WES, within the various health categories 

the percentages observed were 57% (multiple congenital anomalies), 52% (MR/ID/DD), 47% 

(ASD). 44% (psychiatric), 47% (seizures/epilepsy), 45% (ataxia), 49% (brain MRI positive), and 

34% (phenotype is progressive). Only 6 of the 72 comparisons deviated from the percentage of 

all cases to have completed a given test type by ±10%.  

 A lesser percentage (34%) of cases with a progressive phenotype received karyotype as 

compared to the percentage of all cases (46%) who received karyotype prior to WES. It is 

possible that the cases with a progressive phenotype may have more closely resembled a specific 

type of genetic condition, for which karyotype is not a useful test. This idea is supported by the 

additional testing types that deviated from the overall percentage tested within the progressive 

phenotype health category. A higher percentage (81% and 32%), relative to the totals (70% and 

19%), were observed for single gene tests and mitochondrial testing for those with a progressive 

phenotype. Each of these test categories encompass a high number of test that would be ordered 

for a variety of specific phenotypic presentations. 

 The use of microarray testing was higher (94%) for patients in the ASD health category 

when compared to the percentage of all patients that received microarray prior to WES (79%). 

Autism Spectrum Disorder (ASD) is a diagnosis with a complex and variable etiology, much of 

which is poorly understood. Ordering a microarray casts a wide net and can detect copy number 

changes in a variety of genes known to be associated with ASD. Because of this it is not 

surprising that this test is used at a greater frequency in this health category. 
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 The use of single gene testing in cases with ataxia, the fifth comparison to deviate from 

the total in relative percentage of individuals completing testing, is also not surprising. Ataxia is 

a specific clinical feature associated with a variety of known conditions. For this reason, a 

number of specific single-gene test would be appropriate to rule out the more common genetic 

causes of ataxia before moving on to other testing.  

 The last comparison to deviate from the total in percentage of individuals to compete a 

test category was the use of mitochondrial testing in individuals with seizures/epilepsy. There are 

a number of mitochondrial disorders associated with seizures such as MERRF (myoclonic 

epilepsy with ragged red muscle fibers) and MELAS (mitochondrial encephalopathy, lactic 

acidosis); however I am not sure if these disorders account for a large enough proportion to 

account for the variation observed in this data. 

 

4.3 Time of Test by Annual Quarter 

 The distribution of cases over time was not equal; rather they fit a bell-curve distribution. 

The majority of cases (56%) were centered in the middle of the observed time occurring between 

the 3
rd

 quarter of 2012 and the1
st
 quarter of 2013. The increase in the number of cases over the 

initial year is likely due to a combination of factors such as increased knowledge of the test, 

improvements within the laboratory’s process and turn-around times, and marketing of the new 

test. The decrease in the number of cases may have been due to an increase in the number of 

competitive labs offering WES, changes in competitor’s pricing or advertising, or reluctance to 

order such a comprehensive test until the providers felt they were equipped or a protocol was in 

place for dealing with variants of unknown significance (VUSs). This is a topic that could be 

further studied by comparing this data as well as pricing information to that of other labs. 
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Additionally, the timing of influential publications during the time in question could be 

examined to see if the testing climate had changed. 

 

4.4 Clinical Presentation: Health Category and Organ System Involvement 

 Due to anecdotal reports and personal experiences, it was expected that a large proportion 

of cases would present with neurological or developmental features as part of their clinical 

presentation. Data on organ system involvement was reported of 498 out of 499 cases. The most 

frequently reported organ system was neurological with 64% of cases showing neurological 

involvement. The next most frequent category was musculoskeletal/ structural reported in 55% 

of cases, followed by craniofacial seen in 41% of cases. The other organ systems were reported 

in 1% (obstetric) to 29% (ophthalmologic) of cases.  

 Health category data was available on all 499 samples. As expected, the most frequently 

reported health categories were those related to neurologic and cognitive function. Mental 

retardation (MR)/ intellectual disability (ID)/ developmental delay (DD) was the most common 

health category; reported in 64% of cases. Positive brain MRI was the second most reported 

category seen in 34% of cases, followed by multiple congenital anomalies, seen in 28% of cases.  

 Analysis of clinical presentation was difficult as a single individual may demonstrate 

clinical features from any variety of organ systems or health categories.  
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4.5 Gender 

As hypothesized, the gender distribution was approximately equal with 46% of cases female and 

54% male. This fits the general population distribution as well my anecdotal experience of a 

relatively even gender distribution in genetic clinic. 

 

4.6 Age 

 Specific hypotheses were not made regarding the age distribution. As many genetic 

conditions have symptoms present at birth or early in childhood that would require medical 

attention, it is not surprising that the majority of cases (83%) were pediatric.  

 

4.7 Ethnicity 

 Specific hypotheses were not made regarding the ethnic distribution. Of the 412 cases 

that contained information regarding ethnicity, 85% were described as Caucasian. This was not 

expected. The 2010 US Census data states that in California, where Ambry Genetics is located, 

58% of the population is white.
27

 It is not clear what factors contribute to this uneven 

distribution. It is possible that this distribution reflects the overall ethnic distribution of patients 

seem by the specialists ordering such a new and expensive test. Cultural or religious beliefs that 

conflict in some way with this type of testing or medical care may be more common in certain 

non-Caucasian populations, however this would likely not account for the degree of the 

discrepancy observed in this data set. It is possible that various testing laboratories are more 

frequently used in different regions of country and Ambry Genetics is more commonly used in 

regions with a significantly higher Caucasian population. This would be an interesting topic for 

further investigation.  
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4.8 Parental Consanguinity 

 Consanguinity was reported in approximately 9% of the 442 cases that included data on 

the subject. No hypotheses were made regarding the proportion of cases that would report 

parental consanguinity. A possible addition to the proposed future study regarding ethnic 

distributions would be to examine the distribution of consanguinity among the different ethnic 

groups and if this differs among laboratories in different regions of the country or world (which 

presumably would have different ethnic distributions).  

 As WES is ordered by medical providers in specialties other than genetics, it is possible 

that thorough family histories were not taken for all of the cases included in this analysis. 

Consanguinity is one of many pieces of information that should be obtained in a proper family 

history. Part of the WES result analysis involves eliminating variants based on information such 

as clinical presentation of disease associated with the involved gene as well as inheritance 

patterns. This analysis is done by computer algorithms and at later stages by humans reviewing 

the remaining possible disease causing variants. It is essential that any healthcare provider 

ordering such a test be informed on how to take a complete family history or understand the 

significance and which cases should be referred for a genetics evaluation.  
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4.9 Illustrative Cases 

 In reviewing the American College of Medical Genetics and Genomics (ACMG) 

categories recommended for consideration of WES, it seemed appropriate to review some 

sample cases that meet these guidelines. 

Case 1:  

Clinical Summary: Patient was a 4 year old male with positional plagiocephaly, mild beaking of 

nasal tip, mild prognathism, intractable seizures with abnormal EEG, developmental delay, 

hypotonia, strabismus, astigmatism, cortical vision impairments, elevated pyruvate, mildly 

hypermobile joints, brain MRI shows reduced volume and hypoplastic corpus callosum, 

increased T2 flair signaling in the white matter 

Health Categories: MR/ID/DD, Seizures/ epilepsy and Brain MRI positive 

Organ System involvement: Craniofacial, Metabolic/ Biochemical, Musculoskeletal/Structural 

and Neurologic, Ophthalmologic 

Family History: Caucasian; No significant family history, with one healthy brother 

Prior Testing: Extensive metabolic and biochemical testing, multiple Brain MRIs 

Karyotype 

Microarray 

Single Gene/ Single Site: TCF4 sequencing and del/dup analysis, MECP2 sequencing, UBE3A 

sequencing and del/dup analysis, fragile-X testing 

Gene Panels: X-Linked Mental Retardation Panel (ambry), Male Febrile Seizure Panel (5 genes) 

Methylation: PWS/AS methylation 

Mitochondrial: Mitochondrial DNA Common Mutations and Deletions Screening Panel 
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 This case demonstrates the first category listed in the ACMG policy statement. The 

patient’s phenotype suggested a genetic etiology, but does not correspond with a specific 

disorder. Extensive prior testing had not resulted in a diagnosis to explain the patient’s 

symptoms. WES resulted in the identification of a deleterious hemizygous de novo frameshift 

mutation in the IQSEC2 gene. This mutation is described as hemizygous because it occurred on 

the X-chromosome; because the patient is a male, he only has a single copy of the X 

chromosome. The mutation was de novo, indicating it was not inherited; rather it occurred for the 

first time in the patient. This explains why no significant family history was reported. The term 

frameshift indicates that it altered the reading frame of the DNA and resulted in the loss of 

functional protein. The patient was given a molecular diagnosis of MRX1 or Mental retardation, 

X-linked 1 (OMIM: #309530). Previous reports described clinical features overlapping with 

those of the patient including mental retardation, seizures, strabismus, and nonspecific facial 

dysmorphism.  

 

Case 2:  

Clinical Summary: Test was performed on a male fetus with prenatal findings of multiple 

congenital anomalies including an omphalocele (intestines outside of the abdomen in a tissue 

covered sack off the umbilicus), bilateral cleft lip and palate (split in lip and roof of mouth).  

Health Categories:  Multiple Congenital Anomalies 

Organ System involvement: Craniofacial, Dermatologic, Gastrointestinal and Ophthalmologic 

Family History: Caucasian; history of an affected brother who died at 2 months and had the 

following clinical findings: prenatal findings of omphalocele, cleft lip and palate, cisterna 

magna, microphthalmia (unusually small eyes) and cryptophthalmos (failed eyelid formation). 
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Postnatal finding of hemodynamic instability (problems with blood circulation), significant 

metabolic acidosis, mild hydronephrosis (kidney swelling due to fluid build-up) but no structural 

renal anomalies, reduced sulcation (grooves) of the brain but no major structural brain 

anomalies. Significant facial dysmorphology (unusual features) including short palpebral 

fissures, increased intercanthal distance but interpupillary distance suggests hypotelorism 

(abnormally close eyes), flat orbits and cryptopthalmos, nose broad and flat, ears posteriorly 

rotated and low set, right ear limited antihelix and cupped, wide spaced nipples, cutis marmorata 

(vascular pattern on skin) and poor peripheral circulation, joints somewhat stiff, right-sided 

postaxial polydactyly hand and foot (extra fingers and toes), mild 2,3,4 toe syndactyly (toes 

fused together), possible hypospadias (opening of the urethra is on the underside of the penis). 

Prior Testing: 

 Brain MRI 

Karyotype 

Microarray (high resolution aCGH) 

Single gene/ single site: BMP4 Gene Sequencing 

 

 This case demonstrates the fourth category listed in the ACMG policy statement, “A fetus 

with a likely genetic disorder in which specific genetic tests, including targeted sequencing tests, 

available for that phenotype, have failed to arrive at a diagnosis.” 
G
  The overlapping clinical 

features between the fetus and the deceased brother indicate a genetic etiology for the congenital 

anomalies detected prenatally. Although genetic testing of the fetus appears limited, it is likely 

that additional testing was performed on the previous affected child.  



58 
 

 WES resulted in the identification of an inherited hemizygous missense mutation in the 

OFD1 gene. This mutation is described as hemizygous because it occurred in a gene located on 

the X-chromosome; because the patient is a male, he only has a single copy of the X 

chromosome. The mutation was inherited, from the mother. The family history does not address 

the health of the parents. The mutation is a missense mutation, indicating that a single letter of 

the genetic code was changed that resulted in a change in a single amino acid in the protein 

produced by that gene. 

 The patient was given the molecular diagnosis of Oral-facial-digital syndrome 

1/Simpson-Golabi-Behmel syndrome, type 2 (OMIM_311200/300209). Simpson-Golabi-Behmel 

syndrome, type 2 is caused by mutations in the OFD1 gene and has been reported to include 

gastrointestinal and genitourinary anomalies; multicystic kidneys; as well as a combination of 

craniofacial anomalies including macrocephaly; apparently low-set posteriorly angulated (angled 

toward back of head) ears; hypertelorism; short, broad nose; a large mouth; prominent philtrum 

(skin between upper lip and nose); high-arched or cleft palate; and a short neck. 

Oral-facial-digital syndrome 1 is caused by mutations in the OFD1 gene and is characterized by  

improper structural formation of the face, oral cavity, fingers and toes. It is an X-linked dominant 

condition that is lethal in males.  

 Generally speaking a prenatal diagnosis of a lethal genetic condition would provide an 

opportunity for the parents to consider termination of the pregnancy. Due to the longer turn-

around time (time it takes to get results) associated WES; it may have been too late for the option 

of termination. For parents who feel termination is not the right choice or in cases when a 

diagnosis is received too late in the pregnancy for termination to be an option, a prenatal 

diagnosis can allow the family and the medical team to educate themselves on the condition, 
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what they can expect at the birth and made decisions about the birth and postnatal care. As the 

technology and lab protocols are refined, the turn-around time will likely reduce. 

 For the parents, the diagnosis can be used in future pregnancies to test for the specific 

mutation detected at a much earlier stage in the pregnancy. This type of single gene testing 

would have a quick turn-around time, allowing for consideration of pregnancy termination. It 

may also be an option to conceive a future pregnancy by in vitro fertilization (IVF), with the 

option of testing embryos for the mutation prior to embryo transfer. This option is costly, but 

allows a couple to avoid the possibility of a pregnancy with an affected fetus. 

 

4.10 Limitations and Suggestions for Further Study 

 The prior testing data utilized in this study was limited to genetic testing information 

provided to Ambry Genetics as a requirement of their test requisition process. Many of the 

individuals had additional studies prior to exome sequencing, including MRIs, biochemical 

studies and pathology on tissue biopsies. Some of these studies may be repeated many times 

throughout the care of a patient and the results can vary over time. The information reported on 

such studies was limited and inconsistent throughout the cohort. This may have been due to 

limitations in providers’ understanding of the significance of these studies to the diagnosis of 

certain conditions, difficulty in access of records between various providers and healthcare 

systems, or a desire to save time. Due to the limited information and inconsistency in how these 

tests were reported, they were not included in this study.  

 MRI, tissue pathology and biochemical studies can each play a significant role in the 

differential diagnosis and add key information to the phenotype of a patient. Some of these tests 

play a role in monitoring a patient and the success of therapies or treatment protocols both before 
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and after a specific diagnosis has been made. The cost and burden of non-genetic studies should 

not be overlooked in a complete analysis of the diagnostic odyssey of a patient; however any 

analysis including such studies should account for the reason (diagnostic or management) for 

ordering the tests. 

 This dataset is restricted to patients who received insurance approval or were able to pay 

out-of-pocket for exome sequencing. It is possible that the criteria of insurance companies or 

their protocol for reviewing authorization requests for exome sequencing may be creating a bias 

in who is completing the testing. Their criteria may have restricted the population studied here by 

factors such as clinical presentation or phenotype, age, prior testing, the specialty of the ordering 

provider or clarity of medical documentation provided. An examination of these factors among 

all exome insurance authorization requests comparing and contrasting those approved and those 

denied may provide new insights to the results provided here. 

 Future studies should include an examination of the insurance criteria and procedures for 

the assessment of WES test requests. An evaluation of the diagnostic yield of WES on the 

phenotype categories that are underrepresented in this and prior large scale WES data analysis 

may provide new insights to the utility of this diagnostic tool. 

 Another topic deserving of further study is the disparity in the ethnic distribution of 

among individuals receiving WES. It is likely that this is in in fact a reflection of other areas of 

ethnic inequality such as access to medical specialists, insurance coverage or types of insurance. 

Other factors such as religious or cultural beliefs may also be found to pay a role. 
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5. CONCLUSIONS   

The objective of this study was to examine how Whole Exome Sequencing (WES) has been used 

since it became clinically available in late 2011 by describing the demographics and prior genetic 

testing of the population receiving this test, and examining how those factors relate to the test 

result and clinical presentation of the patients. An additional goal was to examine if the 

diagnostic yield and demographics had changed significantly over time in the two years of data 

collection. A de-identified dataset of 499 cases of WES performed by Ambry Genetics was 

evaluated. This study provided an overview of demographics of the WES population.  

The diagnostic yield of this data set was 26%, consistent with prior reports
12

. Gender 

distribution and percent of test population reporting consanguinity were unremarkable. The age 

at time of test authorization ranged from prenatal to 86 years of age, with 83% of cases occurring 

in minors under 18 years of age. A disparity was observed in the ethnic distribution of cases. Of 

those WES patients with information on ethnicity, 85% were described as being Caucasian. The 

underlying cause of this ethnic distribution is unclear and warrants further investigation. A 

significant correlation was observed in the number of single gene tests performed prior to WES 

and the WES result. Those with more single gene tests were more likely to get a positive result 

from WES. The most frequently reported organ system involvement included neurological (64%) 

and musculoskeletal (55%). The most commonly selected overall health category was mental 

retardation/ intellectual disabilities/ developmental delays (MR/ID/DD) seen in 64% of all WES 

cases. A comparison of this dataset to WES cases performed at other labs may provide 

significant insights. Additionally pooling the datasets may allow for analysis of variables 

occurring at frequencies too low to allow for statistical analysis in this dataset alone. The results 

of this study provide a snapshot of the usage and diagnostic yield for exome sequencing in the 
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first two years following implementation.  This data may be useful to clinicians making 

decisions about using this technology, and provides a baseline for future research into patterns of 

usage. 
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