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Abstract

This report of the Whole Genome Analysis group of the Association for Molecular Pathology 

illuminates the opportunities and challenges associated with clinical diagnostic genome 

sequencing. With the reality of clinical application of next-generation sequencing, technical 

aspects of molecular testing can be accomplished at greater speed and with higher volume, while 

much information is obtained. Although this testing is a next logical step for molecular pathology 

laboratories, the potential impact on the diagnostic process and clinical correlations is 

extraordinary and clinical interpretation will be challenging. We review the rapidly evolving 

technologies; provide application examples; discuss aspects of clinical utility, ethics, and consent; 

and address the analytic, postanalytic, and professional implications.

The introduction of high-throughput, next-generation sequencing (NGS) in 2005 heralded a 

critical and transformative step in the history of DNA sequencing.1 NGS has been broadly 

adopted by the biomedical research community as the method of choice for complex 

genomic analyses, and NGS-based diagnostic testing for several inherited disorders is 

available in a handful of clinical laboratories. Before describing the conceptual essence and 

utility of NGS, a brief reflection on the origins and growth of sequencing is warranted. Two 

seminal articles, describing the first methods for DNA sequencing, were published in 1977. 

One was by Allan Maxam and Walter Gilbert,2 who described an approach by which 

radioactively end-labeled DNA fragments were subjected to base-specific chemical 

cleavage, reaction products were separated by gel electrophoresis, and subsequent 

visualization was accomplished using film autoradiography. In a second approach, Frederick 

Sanger and colleagues3 reported the use of chain-terminating dideoxynucleotides that caused 

base-specific termination of primed DNA synthesis. Although both approaches yielded DNA 

sequences, the method developed by Sanger’s group ultimately was more robust and 

amenable to technical innovations. These first approaches included supplanting radioactivity 

by fluorescently labeled primers, followed by the development of fluorescently labeled 

dideoxynucleotide chain terminators.4, 5 In conjunction, the conversion from slab gel to 

capillary electrophoresis (CE) for resolving chain termination products provided an 

additional foundational element that accelerated commercialization and dissemination of 

Sanger sequencing and resulted in its gold standard status.6 The deployment of Sanger 

sequencing in a factory-style configuration culminated, in 2003, with the sequencing of the 

first human genome under the auspices of the parallel private efforts by Craig Ventor and the 

public Human Genome Project at an estimated cost of $2.7 billion.7, 8 This momentous 

accomplishment and historic milestone must be interpreted in the context of our current 

sequencing capacity: with current NGS instrumentation, a human genome can be sequenced 

in days for a reagent cost that may soon be comparable to some of the more conventional 
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molecular diagnostic assays. This precipitous decrease in cost and time to sequence at the 

genome scale level has been technically realized by the convergence of innovations in the 

chemistry, optics, fluidics, computational hardware, and bioinformatics solutions that 

underlie NGS. Although NGS platforms differ in design and specific chemistries, they are 

fundamentally related by a paradigm in which sequencing of spatially separated, clonally 

amplified DNA templates or single DNA molecules is performed in a massively parallel 

manner. A key feature is the sequencing of each clonal template or single molecule, 

permitting enumeration of individual sequences among all of the sequences generated. The 

ability of NGS to generate high-throughput qualitative and quantitative sequence 

information has enabled investigations that were previously technically infeasible or cost 

prohibitive. The diverse applications using NGS are extensive and growing and include, 

among others, genome, transcriptome, and methylome sequencing, metagenomics, 

characterization of protein-nucleic acid interactions, and targeted resequencing of multiple 

genes or genomic regions identified during linkage and genomewide association studies 

(GWAS).

The power of NGS to generate hundreds of millions to multigigabase levels of sequence in a 

single instrument run, while having opened a diversity of research and diagnostic avenues, is 

concomitantly stretching our ability to process data. This unprecedented amount of 

sequencing information poses bottlenecks that vary, depending on application, at the level of 

data extraction, analysis, and interpretation. These challenges have become part and parcel 

of the biomedical research community where investigators have increasingly needed to 

incorporate bioinformatics and biostatistics into their armamentarium. In a similar manner, 

clinical laboratories developing and adopting NGS need to build bioinformatics 

infrastructures composed of expertise and computational hardware. Indeed, the balance of 

time and effort required for NGS-based research or diagnostics is substantially shifted 

toward data analysis, as opposed to the technical component required to generate the data.

We can anticipate for the foreseeable future that the current NGS paradigm will continue to 

evolve with improvements in performance, accuracy, and instrumentation options that will 

further facilitate clinical translation. Also emerging in this rapidly evolving field are physical 

methods for sequencing based on biological or inorganic nanopore methods. In the context 

of this dynamic evolution, it is timely to review and highlight the opportunities and 

challenges that are experienced by clinical laboratories as they incorporate and leverage 

NGS for an ever-increasing array of complex genomic analyses. Although some laboratories 

are developing or using NGS for targeted resequencing of multiple genes, there are also 

pioneering laboratories that are performing clinical diagnostic exome and genome 

sequencing. This report describes current technical, bioinformatic, and clinical 

implementation considerations, as well as medical applications, clinical utility, and ethical, 

legal, and education issues presented by genome- level diagnostic testing.

NGS Technology

The NGS technologies are characterized by impressive throughput; all offer the ability to 

simultaneously sequence thousands to millions of relatively short nucleic acid sequences in 

parallel. The appeal is that they can provide orders of magnitude more information, at 
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competitive costs, when large regions of the genome are sequenced. For clinical 

applications, this becomes attractive because individual sequencing assays based on CE tend 

to be expensive, laborious, and less comprehensive, often necessitating serial gene-by-gene 

testing to identify the causative mutation(s).

Although the various NGS technologies use different types of chemistries, some of the 

platforms in use today bear several similarities to Sanger-based CE. For example, both 

methods begin with extracted DNA that is amplified. For CE methods, however, the PCR 

generally occurs in a 96- (or a 384-) well microtiter plate or tubes and is aimed at amplifying 

a limited number of regions. NGS methods take advantage of the high-throughput 

capabilities by targeting many more regions or a whole genome. Targeted sequencing also 

can be accomplished through the use of multiplex (Fluidigm) or droplet (Raindance) PCR or 

through pull-down methods in which probes bind to specific regions, which are then 

amplified and sequenced. For genome sequencing, the genomic DNA (gDNA) is randomly 

sheared and fragments are size selected by gel purification or solid-phase reversible 

immobilization bead fractionation. Adaptors are attached to the targeted primers and 

incorporated during PCR amplification or ligated to the DNA fragments themselves. These 

adaptors are then physically bound in space to beads, balls, or glass flow cells that have 

lawns of complementary adaptor oligonucleotides. After a PCR-based amplification, the 

individual clusters of amplified fragments are simultaneously sequenced. These fragments 

are typically shorter than usual CE fragments, although length capabilities continue to 

increase. Although the various NGS technologies use different types of chemistries, in most 

cases, nucleotides used for the sequencing reaction are fluorescently labeled and excited by a 

laser, as with CE. A digital image is then captured for data analysis. However, unlike CE, 

which uses dye-terminated sequencing, the same labeled fragment can typically have the 

fluorescent dye and blocker removed so that the next nucleotide can be added. Because there 

are thousands to millions of these reactions being performed next to each other, this is 

referred to as massively parallel sequencing. Platforms that have different chemistries or 

methods include those that use native, fluorescently unlabeled nucleotides and those in 

which sequence data are obtained by either pyrophosphate-dependent chemiluminescence 

signal detection by a charge-coupled device camera or direct detection of ions produced by 

template-directed synthesis on a massively parallel nonoptical semiconductor-sensing device 

(ion chip). Some platforms skip the amplification step altogether and perform single-

molecule sequencing in real time.

Different NGS technologies and their technological and performance differences can be 

reviewed in articles by Shendure and Ji,9 Voelkerding et al,10 Anderson and Schrijver,11 

Metzker,12 and Rothberg et al.13 However, technology development occurs at a fast pace and 

additional platforms are expected to emerge and add to the options for application in clinical 

diagnostic laboratories.

Application Examples

Inherited Conditions

Monogenic conditions are caused by mutations that are infrequent across the population. 

Before the availability of a human genome reference sequence, disease genes were sought 
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by linkage analysis of large families with a specific disease using markers mapped across the 

human chromosomes. This approach proved to be highly successful for discovering 

monogenic conditions14–17 but not for complex disorders because of the difference in 

strength of genotype-phenotype associations (effect size). Being less direct than NGS, 

linkage analysis was limited by the need for large pedigrees, densely mapped markers, and 

clear clinical records, as well as by complexities such as incomplete penetrance and modifier 

genes. Triad analysis by sequencing the patient and parental genomes or exomes using NGS 

will, in many cases, be able to uncover the underlying pathogenic mutation(s).

Since the completion of the Human Genome Project, there has been a steady increase in the 

number of singlegene disorders that have been elucidated. Some efforts have focused on 

disease gene discovery, which inform development of an appropriate clinical assay for the 

condition. The use of NGS as a discovery tool can be illustrated by the identification of the 

MLL gene as a major cause for autosomal-dominant Kabuki syndrome.18 In other cases, a 

condition may be caused by any of a large number of genes, and NGS approaches are able to 

quickly hone in on the responsible gene, compared with the one-by-one approach of 

traditional sequencing. In such cases, the testing is less of a gene discovery effort; rather, it 

is focused on finding the proverbial needle in the haystack of previously identified genes.19 

Genome sequencing is already being used as a clinical test for patients with unidentified 

monogenic conditions in several clinical centers, and reimbursement has been provided in at 

least one such instance. Until costs further decrease, only those patients who are most likely 

to benefit from genome or exome sequencing will typically be offered this testing. 

Diagnostic challenges remain, however, especially when monogenic disorders arise because 

of novel missense mutations, structural aberrations, germ-line or embryonic mosaicism, or 

imprinting and other epigenetic factors. A major application of NGS in testing for inherited 

disorders is in conditions such as congenital disorders of glycosylation, hypertrophic 

cardiomyopathy, developmental delay, neuromuscular disorders, retinitis pigmentosa, and 

seizure disorders in which the overlapping symptoms of multiple possible syndromes and 

many potentially affected genes can make an NGS approach cost-effective.

In contrast to the mutations in monogenic conditions, risk loci for common, multifactorial 

diseases are more frequently located in noncoding or intergene regions, and the pathogenic 

mechanism of these variations is not well understood.20 The availability of a reference 

human genome sequence led to cataloging of variants through the International HAPMAP 

Project (http://hapmap.ncbi.nlm.nih.gov, last accessed August 24, 2012), which identified 

the linkage disequilibrium of 3.5 million single-nucleotide polymorphisms (SNPs) across 

several populations. SNPs and other variants are listed in the dbSNP Short Genetic 

Variations database (http://www.ncbi.nlm.nih.gov/projects/SNP, last accessed February 29, 

2012), which contains 11 million SNPs and three million indels. The extensive 

characterization of SNPs, repeats, and linkage disequilibriums across chromosomes has 

enabled association studies for the identification of disease genes in complex common 

diseases, for which a population-based, rather than a family-based, approach must be used to 

elucidate genotype-phenotype correlations.21, 22 In the past decade, research on common 

complex diseases would focus on genotyping of a few candidate genes that were 

hypothesized to be involved in the disease using a casecontrol approach. There were a few 

success stories, most notably the identification of apolipoprotein-ε4 allele association in 
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Alzheimer disease, but most results could not be reproduced in subsequent analyses or in 

different populations.23, 24 The technological advance of dense SNP chips has facilitated 

GWAS with many cases and controls (>1000 per group), and associations with candidate 

disease genes can be confirmed with subsequent GWAS.20, 22, 25 Before the emergence of 

NGS technologies, multifactorial conditions were part of the diagnostic test spectrum 

offered, but to a much lesser extent than was the case for monogenic conditions. Given the 

complexity of the clinical interpretation, many such conditions were studied only on a 

research basis, rather than offered in a clinical molecular diagnostic setting. Examples of 

routine application, however, include the testing of sequence changes known to increase the 

risk of deep vein thrombosis. Deep vein thrombosis is thought to have a multifactorial 

etiology and is influenced by factors such as ethnicity, sequence changes that confer genetic 

risk, and socioeconomic differences.26

The Web site genome.gov22 catalogues >1200 polymorphisms that confer disease risk in 

>165 common human diseases and traits. However, these variants typically confer low 

relative risk and predictive power. Even when multiple risk markers are combined, the 

cumulative risk scores are often comparable to traditional risk factors, such as family history 

and individual clinical profiles (eg, cholesterol levels, age, sex, and obesity).27, 28 These 

markers were ascertained using population-based associations that may only apply to limited 

populations and may lack clear biological meaning for any given individual. Moreover, in 

almost all common diseases, multiple risk alleles only explain approximately 5% of the 

variance in the population, even when the disease is considered highly heritable, leading to 

the concept of missing heritability.29 The gene expression of these multiple risk alleles with 

low predictive power may be influenced by diet, environment, lifestyle, and epigenetic 

factors. Nevertheless, even in patients with common diseases, NGS will permit the detection 

of rare variants that would not be identified with SNP arrays, which represent only the 

common variants used in GWAS or with limited genotyping.

In the immediate future, the uncovering of three million SNPs within an individual’s 

genome is only as useful as our knowledge of what these SNPs signify. The full potential of 

a DNA-based understanding of the common complex diseases so prominent in the practice 

of medicine can only be realized when the genome sequences of thousands of individuals are 

available and linked to corresponding phenotypes. Ultimately, data mining studies, such as 

the U.K. 10,000 Genomes Project (Wellcome Trust Sanger Institute; http://

www.sanger.ac.uk/about/press/2010/100624-uk10k.html, last accessed February 29, 2012), 

may lead to a refinement of disease pathways and a better understanding of how specific 

alleles (rare or common) present themselves as protective in health and deleterious in 

disease.

Cancer: Diseases of Acquired, Somatic, and Genetic Changes

During the past few years, knowledge of the molecular mechanisms of cancer has markedly 

expanded as a result of the identification of specific driver mutations and other somatic 

changes, consequent alterations of gene expression, and the discovery of the role of 

microRNAs in carcinogenesis.30 As a consequence, the traditional histological and 

immunohistochemical characterizations are enhanced with respect to the classification of 
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cancer subtypes and by predictions of therapeutic response, prognosis, and patient survival. 

Understanding the importance of cancer target gene analysis has led to considerable 

advances in drug therapies and has made possible more personalized cancer treatment. 

Moreover, the insight that the molecular profile of cancers is heterogeneous, even within a 

single patient, may change during the course of a patient’s disease, and affects the acquired 

resistance to drugs, has transformed the field. Multiple markers for specific cancers are 

being used to stratify patients in clinical trials of new investigational drugs, which are 

intended to be used for targeted inhibition of cell proliferation.31, 32 Response to treatment 

and relapse are also being monitored in serial samples from the patient through the detection 

of tumor-specific chromosomal rearrangements and other genetic abnormalities. 

Investigation of germ-line or constitutional cancer predisposition markers that increase an 

individual’s risk for developing cancer has contributed to screening and patient management.
33, 34 The applications of NGS in oncology have ranged from mutation panel screening in 

gene pathways to exome or transcriptome sequencing and ultimately genome sequencing, 

with comparison to the patient’s normal tissue or other reference samples. 35–37 The 

concomitant availability of a complete reference sequence of the human genome has helped 

spur massive coordinated initiatives, such as the Cancer Commons (http://

cancercommons.org, last accessed August 24, 2012), the International Cancer Genome 

Consortium (http://www.icgc.org, last accessed February 29, 2012), and the Cancer Genome 

Atlas (International Cancer Genome Consortium; http://cancergenome.nih.gov, last accessed 

February 29, 2012).38, 39 These efforts have led to extensive sequencing and cataloging of 

somatic mutations and gene expression analyses in thousands of genomes from different 

classes of solid and hematological cancers.40 As the number of known cancer markers 

increases, it will likely be more cost-effective to profile a patient’s tumor DNA using NGS 

than to conduct genetic analysis for a growing set of mutations or to assay gene expression 

profiles from fresh frozen or formalin-fixed tissues. The quantitative nature of NGS 

technology is another improvement over chip-based gene expression technologies. Recent 

use of gene expression analysis for prognostic algorithms, such as Mammaprint (70 genes), 

OncotypeDX (21 genes), and Rotterdam signature (76 genes) will likely be replaced with 

next-generation sequencing of signature transcripts. 41–43 Such information may be 

incorporated in novel algorithms that use a patient’s somatic mutation profile in addition to 

cancer susceptibility gene findings. NGS will be transformative for diseases resulting from 

somatic genetic changes because it will allow speedy, cost-effective, and complete profiling 

of a patient’s tumor and germ-line DNA, transcriptome, and DNA methylation profile in a 

single platform. However, it is important to appreciate that different NGS platforms have 

distinct capabilities of detecting DNA or RNA sequence changes, DNA copy number 

changes, DNA rearrangements, RNA expression changes, and DNA methylation. The 

specific NGS method determines which combination of these changes can be detected in 

either germ-line or tumor DNA. One method will usually provide only part of this variety of 

information. Therefore, a decision has to be made and this may be based on cost, specimen 

availability, and specimen quality, as well as the specific questions to be answered.

Because of the significant false-positive rate associated with NGS,44 mutation confirmation 

in both inherited diseases and neoplastic conditions is typically performed using Sanger 

sequencing. However, confirmation on a different NGS platform may also be considered. In 
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the future, independent confirmation may become increasingly redundant, considering 

further evolution of the technology will undoubtedly facilitate a more complete 

characterization of mutations. Compared with germ-line sequencing, however, there are 

several specific challenges regarding somatic mutations. The percentage of tumor cells 

within a sample varies, and the percentage of tumor tissue with a mutation may vary, 

especially if it is a (presumably) secondary mutation. A low percentage of a secondary 

mutation in a tumor may overlap with the false-positive rate identified by NGS. Low-level 

mutations, however, cannot be easily confirmed by Sanger sequencing, which has a higher 

threshold of detection (approximately 15% to 20%) than NGS, without using a more 

sensitive screening technique (eg, denaturing gradient gel electrophoresis or denaturing 

high-performance liquid chromatography), an alternative approach (eg, pyrosequencing), or 

co-amplification at lower denaturation temperature–PCR to enrich for the mutation.45–48 

Another challenge is the remarkable cancer genome complexity reflected by the many 

different aberrations detected in some tumors. Such heterogeneity within and between 

tumors adds complexity to analytical validation and clinical confirmation of identified 

mutations and personalized therapeutic approaches. Thus, approaches and algorithms 

different from those used in germ-line testing will need to be developed for the applications 

in oncology.

Clinical Utility

Aided by the rapidly decreasing cost of data generation, large-scale personal genome 

sequencing will be applied to a variety of settings and applications. With proper 

interpretation, NGS will permit a deeper understanding of disease mechanisms, allowing for 

more evidence-based medical interventions. It will influence, to a greater degree than 

possible with conventional molecular testing, medical decisions, including personalized 

treatment of disease, monitoring of disease progression, and assessments of disease risk, 

prognosis, and reproductive matters; it is likely to affect the way in which individuals 

approach lifestyle questions.49 Although much of this is likely to remain in the medical 

realm in which physicians guide their patients to the testing best suited for their medical 

management and to the appropriate interpretation, some genome testing will inevitably be 

offered directly to consumers.50 In such a setting, consumers will decide independently 

whether they want to learn about topics ranging from ancestry to disease risks. Thus, NGS 

will be relevant to both patients and general consumers.

The personalized nature of testing at the genome level includes a subjective assessment of 

the overall value of the generated information. Apart from personal utility, which could be 

defined as the perceived usefulness for an individual given his or her interests (whether these 

are medical or not), there is the issue of clinical utility. Clinical utility is a measure of the net 

health benefits, reflected by the balance of benefit versus harm. For an accurate evaluation of 

clinical utility, factors such as test rationale, patient population, and clinical scenarios have 

to be considered. In addition, the principles of comparative effectiveness should be followed. 

This requires an individualized evidence-based approach for each patient, ultimately 

accomplishing the separation of information with demonstrated medical utility from 

information with less clear or missing utility evidence.51, 52 Some questions that are 

explored through NGS can be answered with a high level of confidence, whereas others are 
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complex and require additional research. One of the complexities is the assignment of 

pathogenicity of variants. Even under the straightforward assumption of a singlegene 

autosomal-recessive condition approached with Sanger sequencing, the relationship of 

sequence variants to disease causation can be difficult to ascertain with certainty. Given the 

data density of NGS, the issue of variants of unknown significance is encountered many 

times over, and our understanding of the biological, pathophysiological, and functional 

impact of certain genomic regions and sequence changes is still limited. Thus, the 

development of evidence-based, validated scientific standards to evaluate the clinical utility 

of genomic results in different populations with accurate genotypebased risk estimation is a 

considerable challenge. Furthermore, there is a possibility of potential overinterpretation of 

results based on a limited understanding of contextual information that could lead to 

unnecessary medical action and cause unwarranted psychological distress.53 Careful 

selection of patients for genome sequencing and concomitant genetic counseling are crucial.
54

Informed Consent and Ethical Considerations

Informed consent is important to make the patient or client aware of the benefits and harms 

that may occur as a consequence of the testing process. For example, incidental findings 

may suggest that the patient is at risk for a disease that was not suspected. The capacity to 

perform large-scale sequencing on the human genome presents unique challenges regarding 

the provision of informed consent, particularly in deciding on the level of detail that needs to 

be shared. No specific guidance exists, and each institution offering such testing is deriving 

its own policies. Recently, concerns about genetic discrimination have been focused mostly 

on predictive testing for defined single-gene conditions, such as Huntington disease and 

familial cancer syndromes. Genetic nondiscrimination laws have been passed at both the 

state and federal levels, offering some protection to individuals who carry deleterious 

sequence changes, in an effort to alleviate concerns about potential abuse and discrimination 

and to reduce societal obstacles to genetic testing.

With genome testing by NGS, the perceived and real potential risks are magnified compared 

with genetic tests that target only one gene at a time.55 A patient who undergoes genome 

sequencing will likely learn about sequence variants of unknown clinical significance or 

about other sequence changes that indicate disease risk unrelated to the disease for which the 

testing was requested. The potential for anxiety and uncertainty, resulting from results of 

unknown clinical significance, is associated with any NGS method, as well as with less 

comprehensive techniques, such as high-density oligonucleotide microarrays.56 With NGS, 

however, the entire sequence is read, and those changes that are not clinically understood 

cannot be blocked out. One question that is raised with any large-scale sequencing of the 

human genome is the consideration for what to interpret and report. For well-defined cases, 

such as the search for a therapeutic target in a set of known cancer genes, the levels of 

analysis and reporting are reasonably clear. In diagnosing a rare disease through genome 

sequencing, the presence of incidental findings becomes a more significant topic. These 

issues remain under discussion, but their solutions will no doubt involve an emphasis on 

counseling and education before testing is performed, informed consent with a clear 

explanation of the current limits of testing and interpretation, maintenance of privacy and 
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confidentiality, and sensitivity to culture within families, their heritage, and their 

communities. As long as a balance is struck between the promise and potential of NGS 

testing and its current limitations, it can transition from the research realm to the clinical 

setting, similar to the many molecular genetic innovations that have preceded it.

Analytical NGS Considerations

Regulation, Assay Validation, and Reference Materials

Before making any new laboratory-developed test available for patient care, a clinical 

laboratory undertakes the process of analytical validation. For Food and Drug 

Administration– approved/cleared tests, the similar, but more limited, required evaluation is 

termed verification. However, Food and Drug Administration–approved/ cleared tests using 

NGS do not exist. In fact, there is considerable uncertainty about the regulatory pathway for 

NGS testing and resolution could take years. Thus, laboratories will, for the foreseeable 

future, continue to rely on regulations under the Clinical Laboratory Improvement 

Amendment. The purpose of assay validation for a laboratory-developed test is to document 

that the targeted analyte(s) can be detected in a robust and consistent manner. In accordance 

with Clinical Laboratory Improvement Amendment regulations [Code of Federal 

Regulations §493.1253(b)(2)], the following analytical characteristics must be documented 

for this purpose: i) accuracy, ii) precision, iii) analytical sensitivity, iv) analytical specificity, 

v) reportable range, vi) reference intervals (normal values), and vii) any other performance 

characteristic required for test performance (eg, carryover, dilutions, and calculations).

NGS ranges from a relatively limited scope to genome sequencing. With exome sequencing, 

the coding regions of the genome are interrogated, whereas with more comprehensive 

approaches to genome sequencing, intervening regions are also included. In either case, 

however, the sequences are not truly complete because of, for example, gaps in the obtained 

sequences, issues with GC-rich regions, and bioinformatic limitations regarding the calling 

of indel variants. These challenges can be brought to light by a comparison with Sanger 

sequencing, but NGS presents a challenge to the notion of proving and documenting that the 

tested genome sequences have been identified correctly. When validating a new platform, 

conventional wisdom requires the laboratory to compare the new approach with a gold 

standard. For nucleic acid sequencing, however, that standard is the traditional method of 

Sanger sequencing, the technical capabilities of which are dwarfed by NGS. This 

recognition presents obvious dilemmas. It is practically not feasible for a laboratory to 

perform Sanger sequencing of whole genomes for reasons of reagent costs, labor, and 

efficiency of both testing and analysis. Nevertheless, all steps of NGS need to be evaluated, 

including sample library preparation, clonal fragment amplification, the sequencing itself, 

and data analysis. For each of these steps, quality control metrics need to be determined. The 

question then arises whether the sequencing and documentation of representative portions of 

a reference genome would be satisfactory, or whether comparison to online reference 

sequences could suffice. In addition, it needs to be established what reference materials 

(RMs) could be developed to make the validation process both efficient and meaningful. An 

RM (commonly referred to as a control sample) is a material or substance, one or more of 

whose properties and/or values are sufficiently homogeneous and well established to be used 
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for the calibration of a measuring system, for the assessment of a measurement procedure, or 

for assigning values to materials (International Organization for Standardization 15195).57 

RMs are tested alongside patient samples and allow laboratories to detect errors due to test 

system failure or operator error. In addition, RMs are needed for test development and 

validation, lot testing of new reagent batches, and proficiency testing and/or external quality 

assessment programs. There is a lack of RMs for NGS-based tests. The development of RMs 

for NGS of panels of genes, exomes, or genomes will require a new paradigm because it will 

no longer suffice to develop or use a limited set of characterized gDNA samples that 

represent most or all mutations in a single gene that commonly cause a particular disorder.

There are several efforts underway to develop guidance for laboratories regarding the 

application of NGS in the clinical setting. The Division of Laboratory Science and Standards 

at the Centers for Disease Control and Prevention is working with stakeholders to develop 

useful metrics to help define analytic and clinical performance specifications of NGS assays. 

This project is addressing test validation, quality control, and proficiency testing to derive a 

set of principles and guidelines for the use of NGS in the diagnosis of heritable conditions. 

The selection and use of appropriate reference materials is central to all these themes and, 

therefore, the Centers for Disease Control and Prevention’s Genetic Testing Reference 

Material Coordination Program (GeT-RM; http://wwwn.cdc.gov/dls/genetics/rmmaterials/

default.aspx, last accessed February 29, 2012) is engaging to generate renewable and 

publicly available characterized gDNA RMs that can be used for clinical NGS testing. This 

need is urgent because the pace of technology development in NGS is so fast that 

conventional analytical validation methods may not be feasible or realistic. It is envisioned 

that gDNA from publicly available cell lines will be sequenced on multiple NGS platforms, 

after which the data generated will be assembled into a consensus genotype for each cell 

line. This will be posted in a publicly accessible database and updated to reflect corrections 

to the original sequence, should these be necessary. All Genetic Testing Reference Material 

Coordination Program efforts, including decisions about RM priorities, specimen collection, 

cell line development, and mutation characterization studies, occur through voluntary 

collaborations with clinical laboratories and RM providers. The Clinical Laboratory 

Standards Institute is in the process of revising its guideline, MM9: Nucleic Acid 
Sequencing Methods in Diagnostic Laboratory Medicine.58 This document will be 

substantially revised to address the use of NGS in the clinical laboratory environment. The 

American College of Medical Genetics has also established working groups to develop 

recommendations relevant to the clinical use of NGS. Finally, the College of American 

Pathologists is developing checklist questions specific to NGS that will be used in its 

accreditation program. It is expected that the principles and recommendations developed 

from each of these groups will be in alignment, where there is overlap, owing to an open 

information exchange and many of the participants contributing to multiple efforts.

Bioinformatics Requirements

Only three major computations are performed with NGS data: i) data assembly with base 

calling at the level of individual reads, ii) alignment of the assembled sequence to a 

reference sequence, and iii) and variant calling. Within variant calling, there may be 

different computational analyses devoted to SNPs, small indels, structural variants or large 
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indels, and copy number variants. Despite the few major computations, NGS experiments 

generate an unprecedented amount of medical data that result in special informatics needs 

and require tools for data management, storage, analysis, and archiving, both to manage the 

large data set without error and to ensure proper quality and documentation. Considering 

these steps in greater detail, they can be delineated as follows: i) image processing, ii) base 

calling and quality scoring, iii) purity filtering, iv) quality control checks, v) alignment to a 

reference sequence or de novo assembly, vi) SNP-finding or application-specific steps (eg, 

chromatin immunoprecipitation or RNA sequencing), vii) packaging, and viii) archiving.

Typically, analysis begins with a large set of tiled fluorescence or luminescence images of a 

flow-cell surface, which are recorded after each iterative round of sequencing. The next step 

is the most computationally intensive part of the basic bioinformatics pipeline and comprises 

the conversion of the image data into sequence reads, termed base calling. During base 

calling, individual beads or clusters are identified and localized in an image series and 

parameters (eg, intensity, background, and noise) are then used by platform-specific 

algorithms to generate read sequences and quality scores for each base.12 There is a 

continuing need to reduce error rates, especially as platforms are pushed to generate longer 

reads. As a result of the base calling process, FASTQ files are generated. FASTQ files are 

usually platform specific and contain sequencing read data that combine both the sequence 

and an associated per base quality score. The sequence reads then are aligned to a known 

reference sequence or assembled de novo. Mapping many reads to the reference genome 

requires highly efficient and accurate algorithms. The appropriate alignment method will 

depend on the sequencing platform, data type, and computational resources.

One limitation of short–reads alignment and assembly is the inability to uniquely align much 

of a read set. Similarly, the number of reads is reduced when aligning to larger, more 

complex genomes or reference sequences because of the higher probability of repetitive 

sequences.59 Interestingly, error rates for individual NGS reads are higher than for Sanger 

sequencing, which is a reflection of the difference in methods. Even among NGS platforms 

in use, error profiles vary. Nevertheless, the accuracy of NGS is achieved by sequencing a 

given region numerous times, which is facilitated by the massively parallel process. 

Assembly, alignment, and analysis of NGS data require an adequate number of overlapping 

reads for each nucleotide, or coverage depth. A consensus sequence is derived through this 

process. In practice, however, coverage across a sequenced region is variable, and factors 

(eg, Poisson-like randomness and amplification bias, differential ligation of adapters to 

template sequences, and disparate amplification during clonal template generation) may 

contribute to the observed variability.60 Beyond sequence errors, inadequate coverage can 

cause failure to accurately detect nucleotide variation, leading to false-positive and false-

negative results. Depending on the sequencing application, the next step may involve 

quantification of reads, mutation calling, copy number analysis, and/or analysis of structural 

variations.

The NGS data deluge presents opportunities and hurdles for data analysis and management. 

One current obstacle toward clinical translation is that most algorithms in use need some 

programming expertise, together with specialized servers to handle and store all of the data. 

The generation of user-friendly informatics tools to effectively analyze NGS data will be 
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essential to the successful clinical application of NGS technology. Today, most users align 

the NGS reads to a known reference, such as the most current build of the genome, using 

SNP databases to filter out alterations that are known germ-line polymorphisms. In the 

analysis of mendelian conditions, use of unaffected family members provides a useful 

background in which to identify novel disease- causing mutations. However, the calling of 

somatic mutations in malignancies is much more complicated because of the variance in 

ploidy and purity of the tumor DNA, and is strongly dependent on the allelic fraction. 

However, comparison to nontumor tissue from the same patient provides an important tool 

for identification of somatic mutations, although differentiation of cancer-causing from 

passenger mutations remains challenging. Elimination of false positives and negatives is 

critical for both inherited and acquired diseases; however, although elimination of false 

positives can largely be achieved through verification by conventional PCR and Sanger 

sequencing, minimizing false negatives is less straightforward. And, even though the 

challenges in assigning reliable mutation calls, insertions/deletions, and structural variations 

are considerable, the main challenge ultimately may well lie in distinguishing clinically 

relevant mutations from benign variants. With respect to data storage, typically tens or 

hundreds of giga bp of short reads can be generated during one NGS run. As a result, the 

average NGS experiment generates terabytes of raw data, requiring a vast data storage and 

management solution. The image files, in fact, require the most storage capacity, and many 

researchers opt to delete these files once the base calling has been completed. Thus, only the 

FASTQ or just the postalignment files are stored. Clinical laboratories are required to 

maintain certain data from the tests that are performed to verify their test results, but the 

extent of data that need to be retained from NGS assays has not been established. The 

challenge to laboratories is that the retention of the complete data is costly and, in many 

instances, cost prohibitive. Possibly, one way of overcoming the need to obtain expensive 

servers may be the use of cloud computing.54

From the perspective of the electronic health record (EHR), NGS test results reporting raises 

several issues. Still, it is important to clarify that several aspects of genetic or genomic 

testing, regardless of the method, can be supported by EHRs that provide the architectural 

framework. These aspects include the ordering of the test, the receiving of a document that 

summarizes the clinical interpretation, and storage of the interpretation.61 Although there are 

many potential ways to integrate NGS data into the EHR, three issues seem to consistently 

emerge within this context. First, there is debate about whether the EHR should store the 

large, raw data files, given that the EHR is the legally binding medical record. In general, the 

information in the EHR has been interpreted by the appropriate diagnostic expert. Similar 

storage issues arise when considering magnetic resonance images; typically, these images 

are stored in archives that are linked to, but separate from, the EHR. Second, it is questioned 

to what extent the EHR should assist diagnosticians in interpreting NGS results. The 

software involved in interpreting raw data (eg, calling bp) is generally tightly coupled to the 

instrumentation platform, not the EHR. A variety of software capabilities can be used to 

compare a patient-generated sequence with a reference sequence and to identify variations 

with a likely functional impact. Current and future variant databases may help the 

diagnostician determine whether a variant is novel. The capability of linkage to such variant 

databases is the most probable extent of direct access in the context of the EHR. Finally, 
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there is discussion of the role of the EHR in sharing new knowledge when it becomes 

available after the formal interpretative report is completed. The EHR is intended to enable 

compliance with the operational regimen of the end users, and each organization using an 

EHR is obligated to reach its own conclusions about potential incorporation of new 

knowledge. The technology required to enable dynamic interpretation of NGS results is 

feasible but will take significant development before it is ready for implementation. Perhaps 

the most likely context in which dynamic interpretation will occur is outside the context of 

the EHR in the less-regulated framework of the personal health record. Already, some direct-

to-consumer companies regularly adjust their content based on newly emerging knowledge, 

although these reports are not considered to fall within the legally binding diagnostic model. 

In the clinical laboratory, it also may actually be more economically feasible to resequence 

(subsets of) genomes than to regularly update the EHR or to store large data files 

indefinitely, which would obviate some of these bioinformatics concerns. Resequencing also 

allows for the benefits from NGS technology improvements, which may enhance the data 

generated, such as the extent of the genome sequenced or the depth of coverage for each 

nucleotide position.

Bioinformatics Quality Assessment

Similar to CE-based methods, the quality of NGS images is digitally evaluated using 

components such as signal strength relative to background, detected signals and their ratios, 

signal strength relative to neighboring calls, and other similar metrics. Based on a 

combination of these parameters and image-processing adjustments (eg, dye cross talk 

corrections and/or phasing corrections), the particular image is assigned a base call and a 

quality score that indicate the likelihood that the base call is correct. In CE analyses, this is 

typically called a Phred score and is generated on a logarithmic scale (Q = −10 log E, and E 
= probability of error), so that a Phred of 10 means a 1/10 probability of error, whereas a 

Phred of 20 indicates a 1/100 probability that the call would be in error. Thus, the higher the 

score, the more confidence can be placed in the call. An obvious way to evaluate scoring 

accuracy is to take a known reference sequence and to sequence it using NGS technology at 

great depth. In the course of sequencing, the same positions will be called at various Phred 

(or Q) scores in multiple, independent sampling events, after which the data can be plotted 

so that the score assigned to any call based on the nucleotide calling software can be 

compared with what was actually observed based on the known call at that position. Once 

confident that a score reflects the quality of the data accurately, thresholds can be 

determined and data can be filtered accordingly. For sequencing information, the Clinical 

Laboratory Standards Institute has recommended filtering on a Phred score of 20 to 30,58 

resulting in an error rate of 1/100 to 1/1000. When interrogating variants in a population-

level situation, such as microbes or tumor samples, higher thresholds may be necessary.

Each platform is characterized by its own error profile. Some platforms have insertion or 

deletion errors during homopolymer runs, whereas others have an increased likelihood of 

sequence errors toward the end of the read.9–13 Data production and output also differentiate 

platforms. An example of this is color space (a color represents a class of dinucleotides, such 

as AA, CC, GG, or TT), as opposed to base space (a series of bases represented by A, C, G, 
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and T calls). These platform differences must be addressed at the algorithmic level. When 

analysis tools take these aspects into account, some sequence errors are correctable.62

Once a subset of individual calls has passed the base-calling filter, the specific sequence 

fragments must be assigned to the reference genome (in the case of whole genome 

sequencing, this is typically NCBI 37). The reference genome in National Center for 

Biotechnology Information is derived from a few individuals and is a small sampling of 

human genetic variation. It also contains rare and common disease risk variants complicating 

the detection of these risk alleles. There are efforts to build major allele reference sequences 

that should be considered for accurate ethnically concordant variant calling.63 For large data 

sets, such as whole genome reconstruction, speed becomes critical, and a tiered approach to 

sequence alignment is taken. First, the sequences that align based on some subset of the total 

read are assigned a quality score based on how well they align to the reference, taking into 

account such components as the number of mismatches relative to the reference. The 

expectation is that most sequences will have only a limited amount of variation relative to 

the reference sequence. Second, for the subset of samples that were not successfully placed 

using the first round of alignment criteria, a multispeed gapped alignment approach is taken. 

For this subset of sequences, gaps are introduced to evaluate whether this will allow for 

improved alignment and assignment of the sequence; if on introducing a gap somewhere in 

the sequence both regions align with high fidelity to the reference, the gap is retained. 

Details of this process differ among alignment algorithms. Therefore, it is important to 

consider the appropriate performance parameters and the user manuals when choosing 

alignment algorithms. After this step, probability values are assigned based on all possible 

alignment solutions, and the best alignment is kept and assigned a score based on the Q 

scoring scale. Various alignment algorithms exist with various penalties or thresholds for the 

fidelity of sequence alignment to the reference. Also, algorithms vary to their effectiveness 

for detecting specific types of sequence variations, such as SNPs and indels. This may 

require use of more than one aligner to derive optimal results when calling sequence 

variants. For clinical applications, conservative approaches are most appropriate because 

high confidence should exist when making a call.

When all of the sequences that passed the initial base calling and sequencing filters have 

been aligned and stacked, a consensus call is made. This step represents a significant 

departure from CE sequencing methods, because in those cases, a PCR is sequenced and 

both alleles are typically imaged simultaneously. Although this can cause a heterozygous 

signal to appear with diminished quality (and, at times, the calling software is unable to call 

these positions without human intervention), in NGS methods, each molecule is sequenced 

independently and, therefore, there is not a mixed signal. However, because of the fact that 

each molecule is sequenced independently, the probability of detecting a second allele in a 

heterozygous position is dictated by the sampling probability:

P(x, p, N) = ∑
K = x

N − X N!
(X!)(N − X)!pXq(N − X)
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In essence, the sampling question being asked is the one encountered in school: if given a 

bag of marbles and told that the bag contains either all blue marbles or half blue and half 

yellow, then how many marbles do you need to draw to have 99% confidence that you would 

detect both colors if they were both present? In this case, we assume that, in a heterozygote, 

approximately half the alleles should be one nucleotide and half the other. However, the 

second allele should be observed more than once; thus, if, for example, second allele needs 

to be present in at least 20% of the calls to make a heterozygous consensus call, then by 

applying these numbers into the previously described formula, that position needed to be 

sampled at least 18 times to be at least 99% confident of detecting both alleles, if present. K 

establishes the lower bound of the interval over which the probabilities need to be summed. 

In this case, we set this as 20% of the total, so if we sampled 10 times, then we would need 

to see each allele at least twice and not more than eight times, so k = 2 and we would sum 

the probabilities of observing two, three, four, five, six, seven, and eight times. The 

consensus call is typically made based on a quality score that represents a combination of 

the following: i) the number of times that the position has been sampled in independent 

sequencing events, ii) the quality of each of the base calls made, and iii) the quality of the 

alignment. However, again, the score assigned represents an opportunity to apply a quality 

filter so that only calls with high raw data quality, high alignment confidence, and a high 

level of confidence in the variant call will be kept for further analysis and interpretation.

The number of reads that align to a given reference sequence region is referred to as 

coverage. Operationally, the amount of coverage obtained is dependent on the amount of 

sequencing performed versus the target size. The human haploid genome is approximately 

three billion bases, and most investigators aim for 30- to 40-fold average coverage because 

the cost of sequencing remains a limiting factor. Depending on the capture probe reagents 

used for exome enrichment, the target size varies from 30 to 50 Mb. Exome coverage will 

vary depending on the amount of sequencing, but typical average exon coverage would be 

50- to 100-fold. Gene panel target sizes vary considerably, depending on the number of 

genes. Average coverage, however, is in the same range as for exon sequencing when 

analyzing for constitutional variants. In comparison, a higher average coverage (≥500-fold) 

is aimed for when attempting to detect low-frequency alleles in mixed population analyses, 

including somatic variants in tumor samples. Although average coverage is one metric to 

determine, it is essential to also define the range of coverage for targets being sequenced, to 

characterize the adequacy of sequencing for a given region. A balance exists between 

increasing coverage to improve variant detection and increasing sequencing costs. The lower 

coverage for genomes can lead to missed variants that are observed in exome sequencing 

results from the same individual. Conversely, modestly more exons are interrogated by 

genome compared with exome sequencing, because of the fact that some exons are not 

enriched by exome capture. Gene panel sequencing offers the ability to achieve high levels 

of coverage in a defined target set. Although an attractive approach, gene panels are limited 

in that adding new genes to the panel typically requires a panel redesign.

Once a position has been called according to the bioinformatics quality thresholds imposed, 

the clinical implications of the variants that were called need to be evaluated. This generally 

involves querying all of the calls made in the genome sequence against all known relevant 

databases that associate variants of clinical significance with the published reports. The first 
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challenge is mapping the clinical variants, which are often reported using Human Genome 

Organisation (International) nomenclature (which is gene centric),64 to their genomic 

coordinates relative to the National Center for Biotechnology Information reference genome 

sequence. Once this has been accomplished, it is fairly straightforward to query all positions 

against the genome sequence and to report the calls made. When a definitive call carries a 

clinical implication, the typical interpretive approach used in clinical laboratories for 

traditional sequencing methods is appropriate. However, compared with targeted genetic 

testing, interpreting much of an entire genome poses a substantially larger challenge because 

many more variants will be detected. The lack of any database curated to accepted clinical 

standards likely presents the most significant challenge in managing and reporting genome 

sequencing data.

Postanalytical NGS Considerations

Practical Interpretation and Reporting

There is a paucity of standardized best practice guidelines or criteria for the technical and 

clinical implementation of genome sequencing. However, it is an extension of current 

genetic testing practices and, as such, can be realized more completely as our understanding 

of genomic variation becomes more advanced and practice guidelines that address the 

optimal interpretation (or combinations of) variants in an individual have been defined. 

Apart from genetic test modalities, genome sequencing requires the use of a sound 

biocomputational infrastructure. Toward this end, there is a need for standardized 

bioinformatics pipelines for refinement in base calling and annotation of the variants 

obtained for their likely functional consequences. Furthermore, high and consistent levels of 

coverage are required between available platforms to ensure accuracy in nucleotide base 

calling. Interpretations resulting from any WGA platform must account for the analytical 

limitations of the specific technology or platform being used. An additional layer of 

complexity is that genome sequencing must be integrated with complementary testing tools. 

An expert interpretation of the meaning associated with the vast amounts of data that result 

from these types of analyses will be essential. These interpretations may require 

consideration of ancillary factors, such as the patient’s age, sex, clinical presentation, and 

family history. Other relevant variables that also must be considered include the following: i) 

the incomplete ascertainment of structural variations in the human genome, ii) lack of 

accurately curated haplotype data, iii) variable expression of the disease phenotype, iv) 

disease-associated penetrance, v) gene-environment interactions, vi) heritability, vii) 

identification of rare mutations of unknown significance, and viii8) genetic heterogeneity 

(locus and allelic).65, 66 Therefore, the interpretation and reporting of genome sequencing 

results requires a team approach, whereby pathologists, geneticists, and other laboratory 

professionals become even more directly involved with the health care team to bridge the 

inevitable gap in knowledge between those closely involved with genomic data 

interpretation and the health care providers who would be hard pressed to keep up with the 

new developments but who need to integrate the information into their medical practice. 

These clinicians will require competent expert guidance in their patient communications and 

effective consultation to enhance their patient care. This will accelerate the need for 
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development of new counseling paradigms that appropriately balance new information with 

the uncertainty about the meaning of a test result.66

Part of the challenge of providing expert interpretation of genome sequence data is the 

evolving nature of our understanding of the meaning of differences between individual 

genomes. Genotype-phenotype uncertainties continue to confront us in the setting of 

monogenic disorders, and making sense of combinations of sequence variants across genes 

is even more challenging because of the plethora of variations in biological effects, including 

those on protein function and interactions within and between pathways. A logical approach 

to this complex issue is to initially reduce genome sequence data to focus on a subset of 

sequence variants that are likely to be clinically significant. Even this approach, however, 

requires the accumulation of a large set of high-quality and ethnicity-specific reference 

genomes that can be used for genomic comparisons. It also will require the availability of 

clinically vetted, regularly updated databases of annotated variants that ideally would 

include population frequencies and referenced clinical relevance for each sequence variant. 

Thus, there is a need for consolidation of the various genotype-phenotype databases 

available into a commonly available and perhaps centralized clinical- grade resource that is 

publically accessible.

Proficiency Testing/Alternative Assessment

Proficiency testing and alternative assessment refer to a periodic laboratory evaluation of 

characterized specimens to determine assay variability and for the purpose of comparison to 

a standard measure, when one exists. Proficiency testing, but not necessarily alternative 

assessment, requires that specimens be provided and the evaluation administered by a third 

party for the purpose, in part, of providing an interlaboratory comparison. In the United 

States, laboratories are required to demonstrate proficiency through participation in 

proficiency testing programs or through otherwise establishing a means for alternative 

assessment.67 Proficiency testing is a well-recognized component of an overall quality 

management system integral to regulatory oversight68–70 (College of American Pathologists; 

http://www.cap.org, last accessed February 29, 2012).

Proficiency testing and alternative assessment have become more challenging as mutation 

panels have expanded. For example, current surveys for the molecular genetic testing of 

cystic fibrosis interrogate mutations performed by many laboratories (http://cap.org, last 

accessed February 29, 2012) but not necessarily full gene sequencing. Thus, even for 

relatively few mutations, proficiency testing challenges cannot fully address all tests. The 

use of DNA sequencing in the clinical laboratory has raised additional challenges because 

no proficiency testing or alternative assessment scheme is practically capable of assessing all 

possible results. This has been addressed through generation of a method-specific, as 

opposed to an analyte-specific, scheme in Europe.71, 72 More recently, the College of 

American Pathologists has added a similar, multitiered sequencing challenge to its 

proficiency testing program (http://www.cap.org, last accessed February 29, 2012).

Regarding NGS, no proficiency testing is available in the United States. Because of the 

quantity and variation of data recovered from these assays, schemes that are based on NGS 

(as a group of methods), rather than on individual genes, are likely to be pursued. It is 
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reasonable to envision that a general scheme can be developed in which the proficiency 

testing/alternative assessment of blinded samples may vary, depending on the actual 

application. In the near term, laboratories engaging in NGS are likely to use sample 

exchanges or blinded retesting of previously tested samples as a means of performing 

alternative assessment.70 If a method-based scheme emerges, particular consideration should 

be paid to the kinds of variants that are intended to be detected by a given test. For example, 

the ability to detect substitutions, insertions, deletions, inversions, and copy number 

variations should be considered and proficiency testing for each category of variants 

intended to be detected by the method should be assessed. A further significant challenge is 

in developing measures for acceptable performance, including considerations of 

acceptability thresholds for limited versus comprehensive testing, such as for selected gene 

panel sequencing as opposed to genome sequencing.

Professional Considerations

Reimbursement

The payment (reimbursement) and coverage experience in molecular pathology has been 

bemoaned by both laboratories and payers over almost two decades. The transparency of 

services performed by laboratories, particularly in the areas of inherited diseases, oncology, 

and histocompatibility, has been particularly problematic for payers because of the 

analytically precise, but clinically opaque, way in which services are coded, using a 

universal group of current procedural terminology (CPT) codes that describe individual 

technical steps (eg, identification by DNA sequence analysis, 83904) that compose an assay. 

That same 83904 code is a component of all sequencing assays, regardless of the purposes 

for the tests. Moreover, because DNA sequencing assays require amplification of multiple 

exons for sequencing, 83904 and other technical codes are (appropriately) submitted in 

multiple units of service. Hence, payers are presented with code stacks that do not indicate 

the condition for which the sequence analysis was performed.

A special work group of the American Medical Association CPT Editorial Panel, working 

off a white paper from the Association for Molecular Pathology (AMP) Economic Affairs 

Committee, has recently released the framework of a solution for this major shortcoming in 

molecular pathology coding. Two groups of category 1 codes are proposed to replace the 

stacking codes (83890 to 83914) over a period of roughly 2 years. The first group (tier 1) 

provides individual CPT codes for specific tests performed in high volume or desired by 

payers. Taking cystic fibrosis as an example, individual codes would be available for high-

volume screening assays for common mutations, as well as for full gene sequencing, 

deletion/duplication analysis, and even analysis for known familial mutations or the CFTR 
intron 8 poly (TG)T repeat unit. The second group (tier 2) is a series of nine codes that 

include many of the less commonly performed tests, divided according to increasing 

amounts of technical and professional resources. For example, level 4 includes tests that 

require sequencing of a single exon of a gene (as in testing a relative for a known familial 

mutation), whereas level 9 is for full sequencing of genes with > 50 exons. A not otherwise 

specified code (ending in 99) will still exist in the 80000 CPT series reserved for new and 

emerging technologies. An expert group of individuals with process and technical expertise 
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will advise the CPT Editorial Panel on whether new tests should receive their own CPT code 

or be placed in one of the nine tier 2 codes with other assays of similar complexity. A code 

proposal typically takes 15 to 24 months for review and approval by the CPT Editorial 

Panel.

With the transition of NGS to the clinical laboratory, the question of payment for NGS 

testing arises. This question presupposes that such tests will be widespread and clinically 

useful, which is a requirement for approval of a category 1 CPT code. Published peer-

reviewed evidence of medical utility will be important for the CPT Editorial Panel to 

approve codes, as well as for payers to agree to pay for tests such as genome, exome, or 

transcriptome analyses. Payers already cover some multigene sequencing panels performed 

by Sanger or microarray-based sequencing. For reasons of cost and complexity of data 

analysis, these types of targeted tests are likely to be the leading edge of NGS applications 

for coding and reimbursement. With rapidly decreasing technical costs, it is not unrealistic to 

consider that exome or ultimately genome sequencing may become the default testing 

method for a wide range of clinical purposes, with interpretation initially focused on specific 

multigene panels and possibly blinding the balance of genomic variants.

Although software tools are essential to assemble and provide initial analysis of raw NGS 

data, interpretation for clinical use will require professional training and judgment. This 

effort will be the most time-consuming and, therefore, costly component of the testing and 

may be a significant cost for the laboratory, if this is where the interpretation occurs. Hence, 

NGS billing codes should reside on the physician fee schedule, with a component for 

professional services. Although this will not be an issue for physicians, laboratory genetics 

providers with doctoral training who obtain independent board certification are not yet 

eligible to bill professional component services on the physician fee schedule. A 

multistakeholder coalition is attempting to resolve that issue. New payment models based on 

episodes of care would, over time, presumably include NGS tests based on evidence that 

these contribute meaningfully to patient management and outcomes.

Gene Patents and Genome Sequencing

Utility patents are a specific subtype of intellectual property that give their owners the right 

to exclude others from making, using, offering to sell, or selling an invention in the United 

States or importing an invention for the life of the patent,73 which is typically 20 years.74 

Patents can be awarded for novel, nonobvious, and useful processes, machines, 

manufactures, and compositions of matter.75 Despite judicial doctrines that prohibit the 

patenting of products of nature and natural phenomena,76, 77 the US Patent Office has 

granted thousands of patents on human gene sequences, variants, and associations between 

gene variants and clinical phenotypes78 because US patent law has generally regarded 

isolated DNA as a complex chemical, instead of a product of nature. In addition, patents on 

genotype-phenotype associations have been awarded when claims include correlation steps 

that generically frame the biological relationships as processes.79

Patents on human gene sequences, if ultimately valid, could present an enormous barrier to 

the incorporation of genome, exome, and transcriptome sequencing into medical practice. 

Making, using, or selling a patented invention without the consent of the patent holder 
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constitutes patent infringement. Genome sequencing by its nature potentially appears to 

involve infringement of numerous gene sequence patents, irrespective of the clinical use of 

the information obtained. Moreover, clinical application of the sequence information would 

also likely infringe on thousands of genotype-phenotype association patents. Although 

theoretically the data from patented genes during genome sequencing and interpretation 

could be blinded, this would greatly diminish the usefulness of the test results. Perhaps 

through the formation of gene patent pools, an affordable system of common access to genes 

and genetic information ultimately could be developed. However, valuation of thousands of 

individual genes and genetic relationships would prove problematic. When coupled with 

evolving knowledge and the continual need for the addition of new genetic relationships to 

this pool, the challenges associated with implementation appear daunting.

In Association for Molecular Pathology v United States Patent and Trademark Office, a 

lawsuit sponsored by the American Civil Liberties Union, several medical societies, health 

care providers, breast cancer patients, and women’s groups sued Myriad Genetics and the 

Patent Office, seeking to invalidate key claims of patents covering the wild-type and mutated 

sequences of the BRCA1 and BRCA2 genes, as well as associations between those 

sequences and the predisposition to breast and/or ovarian cancer. In a landmark decision, the 

court held that both composition of matter claims on the human BRCA1 and BRCA2 gene 

sequences and process claims covering the correlations between mutations in these genes 

and a heritable predisposition to breast cancer are invalid. However, this ruling was partially 

overturned on appeal and it appears likely that this case and the patentability of human gene 

sequences and genotype-phenotype associations will eventually be decided by the US 

Supreme Court. Association for Molecular Pathology v United States Patent and Trademark 
Office, therefore, will have profound implications for the clinical application of genome 

sequencing.

Genomics Education

The human genome can be likened to a new human organ system for which current medical 

training provides rudimentary education at best. As with any field of medicine, it is 

imperative that ongoing and continuing medical education be used to learn about new 

modalities and emerging technologies that reflect current practice. No single program or 

fellowship can be expected to comprehensively train its residents, given the dynamically 

evolving milieu. However, it is essential to provide trainees with a good grasp of the current 

concepts while exposing them to a broad range of educational opportunities. Professional 

organizations, such as the AMP, the College of American Pathologists, and the American 

College of Medical Genetics, are working on various aspects of this, as are individual 

training programs. Within pathology and medical genetics training programs, molecular 

genetic pathology and clinical molecular genetics fellowships provide the most intense 

training in molecular testing, which can lead to board certification through the American 

Board of Pathology or the American Board of Medical Genetics. Anatomical and clinical 

pathology residency training programs are required to provide molecular pathology training 

for all residents, as reflected by the inclusion of molecular pathology questions on the 

pathology board examinations. However, the extent of molecular pathology education within 

residency programs is variable. Practicing pathologists and clinical laboratory geneticists 
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have a wide range of molecular knowledge, depending on their past training, length of time 

in practice, practice setting, and the types of continuing medical education and lifelong 

learning in which they have participated. Genomics and genome testing are just beginning to 

be integrated into existing training programs; however, without doubt, these practices will 

increase in prominence in the near future.

How do we transition to the incorporation of genomics into pathology training and practice? 

A group of pathology and genetics societies has formed a working group called Training 

Residents in Genomics, which is developing a pathology residency genomics curriculum 

that can be adopted by any pathology residency training program. The curriculum will 

consist of a set of Power- Point lectures, practical exercises, and literature references that 

will be available on the Internet. A similar initiative of an online genomics course, which 

will be made publicly available, has been developed at Stanford University (Stanford, CA). 

Clearly, these programs will provide basic genomics training to pathology residents and 

pathologists in practice, but will not be sufficient for the actual practice of genomics and use 

of NGS for clinical testing, or even for the proper interpretation of specific genomic results 

within the context of pathology practice. Broader inclusion of genomic test results into the 

remainder of pathology education will be required to more completely integrate NGS 

education. Another option for pathology residency training is to develop tracks with a 

genomics training focus, while maintaining the broader educational requirements of 

anatomical and clinical pathology training. For training in the performance and 

interpretation of large-scale genomic tests, molecular genetic pathology fellowship programs 

will probably continue to offer the best option for intensive training. After all, this type of 

testing is the next logical progression for the practice of molecular pathology and will likely 

replace many current molecular tests as the technology becomes less expensive. This 

transition could be driven by changes in the Accreditation Council for Graduate Medical 

Education requirements for molecular genetic pathology fellowship programs. For practicing 

pathologists, continuing medical education programs in the use of genomics, as applied to 

specific types of pathology practice settings, are available from several sources but will need 

to be expanded as the use of genomics and NGS increases.

Genomics education also is needed outside the practice of pathology. For other medical 

specialties, pathologists can act as the resource for the proper use and interpretation of 

genomic test results for patient care, as is already the case for all pathology testing, but only 

if pathologists truly understand this testing. In addition, each medical specialty will 

incorporate genomics aspects significant to its specialty into its educational pathways. 

Medical education also needs to incorporate genomics education into the medical school 

curriculum. With the revisiting of the Flexner Report in 2010, many medical schools are 

assessing and revising their curricula, with the opportunity to incorporate and emphasize the 

use of human genome data into medical practice and patient care. Finally, genomics 

education and literacy for patients, their families, and the public will assist with the 

acceptance of genomics into medical care. Patient and family education can be addressed 

within specific medical practice settings and through disease-based support organizations, 

whereas public education may be addressed prospectively through K-12 and undergraduate 

education curriculum enhancements and through public education campaigns.
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Future Applications and Implications of NGS

To predict the future, we can only try to seek lessons from the past. As prescient and 

understated as Watson and Crick were when they wrote “It has not escaped our notice that 
the specific pairing we have postulated immediately suggests a possible copying mechanism 
for the genetic material,” 80 could they have imagined how the golden age of molecular 

biology would lead to molecular diagnostics? Since then, molecular biology has progressed 

to sequencing short DNA sequences in experiments that took days1–3, 81 and evolved to 

sequencing individuals’ genomes in a similar, indeed shorter, time frame. Given the dramatic 

technical progress in transportation, communication, information technology, and medicine 

over approximately 60 years, going from the elucidation of the double helix to sequencing 

entire genomes may have been a logical evolution, but only in hindsight.

Now that much of the genome is already available for technical interrogation by NGS, 

multiple new diagnostic opportunities exist for molecular pathologists and their patients. 

Examples are already beginning to abound (eg, in molecular cardiology,11 molecular 

oncology,82 and noninvasive trisomy detection83–85). The list of potential applications is 

limited only by our imaginations. Molecular pathologists and geneticists have been 

professional diagnosticians of genetic and now genomic conditions and have interpreted the 

data generated in clinical molecular laboratories since the field’s inception. They serve as 

expert analysts and consultants to other physicians and will continue to do so as dependable 

stewards of these new technologies. Molecular pathologists and laboratory geneticists, in 

partnership with other genomicstrained clinicians and health care professionals, are essential 

to ensuring that these test results are obtained, used, and reported responsibly. The AMP and 

its members play a pivotal role in this area of molecular diagnostics and in its future. AMP 

members comprise the largest proportion of those setting the framework for the use of NGS 

and genome testing by developing and offering these services. In thinking strategically, 

AMP and its members are well positioned to productively collaborate with other pathology 

and genetics societies to author practice guidelines and to recommend quality assessment 

monitors and metrics. The evolving technology innovations are rapidly reducing the cost of 

materials and instrumentation, to the point at which many laboratories are considering 

leapfrogging from single-variation testing to NGS methods that evaluate much of the 

genome. Notably, although the costs of performing the assays have decreased, the 

fundamental process of applying clinical expertise to the interpretation of the identified 

variants remains largely unaltered and remains central to our contributions to patient care.

AMP, through its diverse expert membership, is uniquely positioned to proactively address 

these issues and to inform the development of proficiency testing and alternative assessment 

schemes necessary for ensuring the quality of clinical NGS testing. AMP is advancing the 

issues that are presented, and is shaping the landscape in a collaborative process with other 

professional organizations to accomplish the goals of excellent medical practice in the 

genome era. Now no longer an abstract concept for the future, the exciting reality of 

powerful genome testing has decisively arrived.
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Disclaimer

The Association for Molecular Pathology (AMP) Clinical Practice Guidelines and Reports 

are developed to be of assistance to laboratory and other health care professionals by 

providing guidance and recommendations for particular areas of practice. The Guidelines or 

Report should not be considered inclusive of all proper approaches or methods, or exclusive 

of others. The Guidelines or Report cannot guarantee any specific outcome, nor do they 

establish a standard of care. The Guidelines or Report are not intended to dictate the 

treatment of a particular patient. Treatment decisions must be made based on the 

independent judgment of health care providers and each patient’s individual circumstances.

AMP makes no warranty, express or implied, regarding the Guidelines or Report and 

specifically excludes any warranties of merchantability and fitness for a particular use or 

purpose. AMP shall not be liable for direct, indirect, special, incidental, or consequential 

damages related to the use of the information contained herein.
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