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Introduction

We are entering a fascinating and uncertain period of medical history, as today’s DNA sequencing
technology has the potential to help each of us direct our care and predict our future based on knowledge of
our own individual inherited and acquired genetics. However, from a global and local economic
perspective, these are lean years, and this adds a significant degree of uncertainty to the immediate future
of this enterprise. It is therefore incumbent upon us as a community to show that personalized genomic
medicine will not just be a luxury or a burdensome cost center, but that it truly has the potential to save
both lives and health care expenses via data-driven management, early disease detection/screening and
more efficacious pharmaceutical delivery. To do this, we need to determine how to move forward towards
expanded clinical use of this technology in a manner both rapid and economical, while ensuring the
integrity of the process and the safety and well-being of patients and research participants. Here, we
discuss some of the ethical, regulatory and practical considerations that are emerging in the field of
genomic medicine. We also propose that many of the cost and safety issues we are facing can be mitigated
through expanded reliance on existing clinical regulatory frameworks and the implementation of work-
sharing strategies designed to leverage the strengths of our genomics centers and clinical interpretive
teams.

Paving the Way for the Broad Implementation of Clinical Genomic Medicine

A report published in 2011 by the National Research Council for the National Academy of Sciences elegantly
described the major split between the clinical and research worlds. The report went on to offer suggestions
for how to help merge these two worlds, including articulating the need for a “Knowledge Network” and
“New Taxonomy”, with the recommendation that small pilot studies along such lines should be conducted
[1]. However, the report did not address a critical issue related to genetic testing in America, namely the
rules governing such testing.

The United States federal government mandates that any laboratory performing tests on human specimens
“for the purpose of providing information for the diagnosis, prevention, or treatment of any disease” must
satisfy the conditions set forth in the Clinical Laboratory Improvement Amendments (CLIA) of 1988 [2,
3]. Research laboratories performing investigative analyses of human samples that are not meant to
provide clinically actionable results are currently considered exempt, and it is a fact that most research
laboratories do not have sufficient standards in place to qualify them for CLIA approval [4, 5]. At the time
CLIA was enacted, the separation of the clinical and research worlds seemed a fairly straightforward
proposition. But today, the issues we face from a regulatory and ethical standpoint around genomics stem
from the simple question: what do we do when it becomes difficult to draw a clear line of distinction
between these two types of laboratory practices, particularly when researchers are working directly with
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families? Next generation sequencing (NGS) technology has fundamentally transformed what it means to
perform research on human participants, as a direct consequence of its power, speed and efficacy [6]. Rare
disease discovery research is nothing new: we have been analyzing samples from rare disorders in a
scientific, hypothesis-driven way for more than a century. What has changed are the prospects for
meaningful findings in a clinically actionable time frame, as well as the relative standardization of these
research practices. Families afflicted with rare genetic disorders now have a reasonable expectation of
definitive and potentially actionable results on the order of weeks to months, and all such families
regardless of diagnosis are candidates for a relatively standardized genomic (rather than disease-specific
mechanistic) analysis. The situation is similar for cancer patients, as standardized tumor-agnostic genomic
analyses have a high likelihood of uncovering plausible drug targets during the lifetimes of patients, even
those with late-stage disease.

The impact of altered expectations and standardized methods should not be underappreciated. Most
critically, the implementation of NGS has resulted in a rapid evolution of research practices towards a
process whereby suitable patients (usually with either cancer or a rare genetic disease) are referred by
clinicians into exome [7-16] or whole genome sequencing (WGS) [17] research programs. However, rather
than being driven mainly by a hypothesis-driven basic discovery motive, the goal is increasingly patient-
focused and intended to find information of clinical benefit to the participant, indeed blurring the lines
between “patient” and “research participant”. Perhaps the key difference is ultimately one of intent, but as
the shift is made from basic discovery to participant-focused analysis, it becomes necessary to admit that,
for these participants, the process is becoming a clinical one. Underscoring this trend is the release of a
growing number of CLIA-certified exome sequencing tests at some of the larger genetics laboratories,
including Baylor, Ambry Genetics, and elsewhere. However, there persists a healthy amount of
disagreement regarding the proper environment and regulatory framework for human genome sequencing.

We believe that the observed shift from research to the clinic is natural and positive, a clear sign of the
growing prospects for individualized or precision medicine [1]. But, at the same time, this changing
landscape begs an in-depth discussion of the ethical and regulatory issues that face genomics research and
genomic medicine. Ultimately, the goal of such a discussion is to lead the field towards increased
standardization, improved confidence in both individual results and shared datasets, and the elimination,
or at least reduction, of redundant sequencing and confirmatory re-testing. It is our belief that we as a field
need to re-think the boundaries between clinical and research practice. A recent report from the
Presidential Commission for the Study of Bioethical Issues [18] acknowledged this, and among their many
recommendations we would like to highlight the following:

Recommendation 4.1

Funders of whole genome sequencing research, relevant clinical
entities, and the commercial sector should facilitate explicit exchange
of information between genomic researchers and clinicians, while
maintaining robust data protection safeguards, so that whole genome
sequence and health data can be shared to advance genomic
medicine.

Performing all whole genome sequencing in CLIA-approved
laboratories would remove one of the barriers to data sharing. It
would help ensure that whole genome sequencing generates high-
quality data that clinicians and researchers can use to draw clinically
relevant conclusions. It would also ensure that individuals who
obtain their whole genome sequence data could share them more
confidently in patient-driven research initiatives, producing more
meaningful data.

Feasibility of Clinical Sequencing?
Some in the field might argue for the continued suitability of the “research first, clinical follow-up” model.
Economics are a common area of concern, as the average cost for a CLIA-certified exome is currently about
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2-3-fold higher than the price for a typical research exome at the same sequencing depth. As of November
2012, for example, one company appears to be charging $7900 for a trio of clinical grade exomes, including
both parents and one child, for a cost of ~$2600/exome [19]. In contrast, the typical cost for exomes in
research laboratories is ~$1000-1500, depending on many variables. There are a few main reasons for this
discrepancy between “research-grade” and “clinical-grade” sequencing, of which some are largely matters
of accounting. The largest driver of price discrepancy between the research and clinical exomes is the hours
of professional interpretation time built into the cost of the CLIA exome. On the research side, when a
patient undergoes exome sequencing, typically the same level of interpretive effort is spent on their case,
but it is performed both by teams of researchers as a basic component of their duties as well as by
physicians on a non-billed basis. Regardless, these experts spend their time, and that time has a real cost
which is ultimately reimbursed, just not via straightforward accounting.

Another cost issue is that of result confirmation. Researchers are barred by CLIA from releasing non-CLIA
certified results to participants or physicians that will impact diagnosis or management. Currently when an
actionable result is found, a new sample can be sent to certain CLIA-approved laboratories specializing in
the confirmation of that individual variant, at a cost of approximately $300 per variant [20]. However,
until recently, it was not well known by researchers which companies will provide such testing for new
genes, as one of us discovered and discussed in a recent commentary [5] and blog posting [4]. This cost is
not factored into the research exome, but is an included and currently essential component of all currently
marketed CLIA exome offerings. Looking forward, as we learn more and more from the genome, and
depending upon what types of data individuals want to receive from their genomes, the number of variants
requiring confirmation will only increase, perhaps substantially. At $300 per variant (which is Sanger-
based and unlikely to change anytime soon), the research model may rapidly become prohibitively
expensive when used to manage care. Eventually the technology and informatics might allow for clinical-
grade confidence in primary next generation sequencing data such that Sanger re-sequencing will not be
required, but this could only legally be achieved via CLIA-certified NGS.

Other significant factors leading to higher CLIA prices are amortized validation/development costs and
volume-related costs. Both of these factors reduce to issues of volume, as up-front validation costs would
diminish in significance as volume increases. The typically low volume of samples processed by CLIA
genomics centers affects price as well, as this either necessitates less frequent runs (with greater instrument
depreciation per run) or under-multiplexing. For example, a larger CLIA genomics operation may run on
the order of a few hundred clinical exomes per year, whereas a research center may sequence 20,000 or
more with resultant economies of scale in sample and library preparation as well as sequencing. In the
subsequent sections we will discuss mechanisms for performing more sequencing within CLIA operations,
which may largely serve to obviate this problem.

Benefits of Sequencing in CLIA-Certified Laboratories

Before delving into strategies for expanding the role of CLIA in genomic sequencing, it is worth exploring
the potential benefits that increased oversight could produce for both clinical and research
applications. There would clearly be some costs associated with expanded oversight that the benefits would
have to outweigh. It is important to note that CLIA accreditation is much more than just a rubber stamp on
a laboratory, and merely performing sequencing in a CLIA-certified facility does not sufficiently satisfy the
requirements of the CLIA statutes, as we will discuss.

Prior to the enactment of CLIA, there were widespread abuses throughout the clinical laboratory
community. For example, in the 1960s in New York State, a sweeping investigation of laboratories
uncovered a startling array of deficiencies, including labs that were run by untrained personnel (including
insurance salesmen), labs that routinely performed testing on spoiled specimens or used inadequate
equipment, and labs (like one lab that reported every pregnancy test as positive) that simply returned
fraudulent results [21, 22]. We are certainly not suggesting that today’s research-grade facilities in any way
compare to these pre-CLIA labs, but we do believe that the straightforward practices dictated by CLIA can
provide significant protections. Clearly history has shown that the quality of unregulated diagnostics is
susceptible to perverse market forces, as all of the poor practices above can be tied directly to economic
conflicts of interest. At a minimum, CLIA erects a wall protecting laboratories from these forces and
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provides an enforcement structure. The field would be prudent to embrace this protection, in light of the
ongoing commoditization of sequencing [23, 24] and its associated potential for severe price competition.

As part of its requirements, CLIA mandates oversight of physical plant and staffing, quality control, quality
assurance and quality improvement practices, laboratory documentation and specimen handling policies,
individual test validation and performance procedures, interpretation and reporting practices, and
proficiency testing programs. With respect to individual assays, any laboratory performing high-
complexity non-FDA approved genetic tests must perform validation studies to establish (as appropriate)
accuracy, precision, analytical sensitivity, analytical specificity, reportable range, reference intervals, and
any other important performance characteristics, and to determine and document all calibration and
control procedures. Bi-annual proficiency testing is mandated, involving a comparison with another CLIA
facility using matched specimens, which is a critical process for uncovering outlier laboratories and un-
noticed technical issues. These are all important and straightforward controls that provide the type of
assurance that anyone should want before using genomic information to influence healthcare choices.

Though the “research first, clinical follow-up” model does provide CLIA assurance for select positive
findings deemed clinically significant, this model has a number of drawbacks. Most fundamentally, the
problem is not in how to handle positive results, but in how to understand and interpret negative or absent
results. Without formal validation (accuracy, expected and actual coverage details, inter-lab validation,
etc.) or clinical-grade specimen handling, an individual receiving a negative result might be overly
confident in that result or be left wondering about the laboratory or specific test factors like coverage,
informatics, and interpretation and ultimately be left unsure about how to proceed.

As mentioned previously, the number of clinically significant secondary findings from research exomes or
genomes will only increase over time, and the only way to move towards a future without required Sanger
confirmation is in the CLIA setting. An additional problem, addressed above, is that these findings are only
currently permitted to break the research/clinical barrier if they pose a significant health risk [25]. All
other information, including but not limited to pharmacogenomics information, carrier status, and disease
risk associations is currently not returned. As the vast majority of exome and genome sequencing
conducted today is performed in the research setting, this represents an enormous waste of potentially life-
altering information. Moreover, the transference of that much data to participants and the resulting
personal and clinical follow-through would be its own rich source of learning about the real-life practice of
personalized medicine. Thus, we as a population are doubly deprived when that information remains
behind the research firewall. Primary CLIA sequencing could circumvent this issue and potentially allow
clinical analysis and use of all genomic data from many research projects. The ultimate goal, translating
genomic information into care algorithms for well individuals and families, is a monumental challenge, and
we will not get there unless we can move towards unleashing this information in the safest and most
standardized way possible, and carefully examining and cataloging downstream ramifications.

Another overlooked benefit of performing more standardized genome sequencing would be its effect on
resultant datasets, and the community’s resultant confidence therein. Research genomics datasets
routinely feed into a variety of databases, such as dbSNP, DECIPHER [26], the NHLBI Exome Sequencing
Project [27], and the 1000Genomes Project [28], to name just a few. These databases have become critical
tools for physicians and researchers attempting to assign clinical meaning to variant sets. Thus, non-
clinical data can have a dramatic impact on even the most optimally validated clinical assays. However, it is
well known that these data sets are imperfect, both with respect to primary results and annotation, to the
extent that some authors are even arguing against adoption of increased clinical standards due to their
unreliability [9]. We would argue that regulatory reform will actually result in additional positive feedback,
as CLIA results would help to improve both the depth and quality of clinical variant databases that would in
turn boost our clinical interpretive power. When viewed in this light, sequencing in CLIA-certified
laboratories could produce significant benefits for nearly any person undergoing genome sequencing,
whether for research or clinical purposes.

Applying CLIA to Genomics



While in theory it sounds reasonable to advocate for all exome or genome sequencing to be performed to
CLIA standards, it begs the question: wouldn’t this be a practical nightmare? There are many rational
worries about this model, for while the actual sequencing processes may be, or at least could be,
standardized, the informatics and interpretive processes are often designed to be quite different, both
across centers but also across the myriad of individual clinical and translational research projects
performed by all of the various groups and collaborators at each institution.

With respect to sequencing, while not all exomes and genomes sequenced would qualify (because many
require modified library preps, read lengths or read depths), the majority of constitutional exomes and
genomes run today (and a growing number of cancer exomes and genomes) are assayed by one of a small
number of standardized library preparation and sequencing techniques. Today, most whole genome
sequencing involves either fragmentation/ligation or Nextera-based library preparation and 100 base
paired-end 30x sequencing (Illumina) or circularized “nanoball” preparation with 35 base paired-end
sequencing (Complete Genomics). Exome sequencing is almost entirely performed on Illumina equipment
using one of a few library preparation methods, with 100 base paired-end sequencing performed in the
major research sequencing centers to an average depth of 70-100x to achieve >80% of the target region
covered by 20 or more reads. Others have made suggestions for standardizing exome sequencing [29], and
we believe it is high-time to establish such standards, at least for exomes being sequenced from live human
beings, so that results can be returned to participants.

However, while sequencing is relatively standardizable, it is true that many of the downstream processes
are not, as bioinformatics analyses and interpretive schemes can be extremely variable. While the desired
informatics and interpretive analysis for healthy individuals might focus on alleles relevant for future
disease risk, carrier status and pharmacogenomics, genomic analyses for rare diseases might instead focus
on de novo, homozygous or X-linked disease variants, possibly in the context of a parent-child trio or
preferably in the context of even larger families, including grandparents. Certain findings seen in one
patient may escape detection in another patient simply due to differences in the basic strategy of analysis or
the phenotype of the individuals. With respect to population studies, the analytical variation can be
tremendous, with focuses ranging from ethnicity-specific variation to variation associated with complex
disease, basic human phenotypes and evolutionary processes. The end result is that the number of
different performable analyses is limited only by the imagination. While the informed consent process for
each individual study would be required to include a discussion of the analysis details, the process can be
confusing for participants and easily leave them at the end unclear whether or not particular findings were
investigated and potentially frustrated by an inability to access the data for investigation. This being the
case, it would be beneficial to move towards a system whereby a straightforward clinical analysis of data
from research projects could be subsequently performed at a later time, within a proper regulatory
framework.

This downstream variation in informatics and interpretation raises an important question: from the clinical
standpoint, what exactly constitutes a genetic laboratory test? Is it simply the analytics (the sequencing), or
is it a combination of analytics and interpretation, or is it the entire process from sample receipt through to
the generation and return of a report? Here, the legal definition is really quite clear, as CLIA specifically
states that a medical laboratory test is an all-encompassing process. [3] The introduction to CLIA subpart
K states that “each laboratory that performs nonwaived testing must establish and maintain written policies
and procedures that implement and monitor quality systems for all phases of the total testing process (that
is, preanalytic, analytic, and postanalytic) as well as general laboratory systems” (see Table 1 for a summary
of the analytic systems).

It is noteworthy that test interpretation and reporting are specifically covered by the CLIA statutes and
included as part of the regulated test process. This is important because, as the community has discovered,
the actual sequencing has become increasingly straightforward, whereas the true difficulties and pitfalls lie
in the informatics, interpretation and reporting. Any meaningful regulatory framework for NGS-based
diagnostics must include oversight of informatics pathways and interpretive criteria, as there are simply too
many ways to do informatics incorrectly, with resultant possibilities for harm to patients and participants.



Table 1. Processes involved in a CLIA-certified genetic test.

Preanalytic System:

1) test request and specimen collection criteria

2) specimen submission, handling and referral procedures

3) preanalytic systems assessment

Analytic System:

1) a detailed step-by-step procedure manual

2) test systems, equipment, instruments, reagents, materials and supplies

3) establishment and verification of performance specifications

4) maintenance and function checks

5) calibration and calibration verification procedures

6) control procedures, test records, and corrective actions

7) analytic systems assessment

Post-Analytic System:

1) test report, including (among other things):
a) interpretation
b) reference ranges and normal values

2) Post-analytic systems assessment

This issue is beginning to get the attention of the agencies responsible for overseeing clinical laboratories,
now that a large number of clinical laboratories have begun developing a variety of tests on NGS
instruments. The College of American Pathologists (CAP) has recently released a new checklist for
molecular pathology laboratories that includes both general laboratory and test development guidelines
covering NGS wet lab practices, bioinformatics processing and data storage and transfer practices.
Additionally, the New York State Department of Health Clinical Laboratory Evaluation Program (CLEP)
has issued detailed guidelines for the development and validation of NGS cancer genomics assays [30].
New York is one of two CLIA-exempt states as a result of its own state licensure regulations being deemed
“equal to, or more stringent than” CLIA by CMS per CLIA subpart E, thus clinical laboratories in New York
receive their CLIA license through the state following successful state certification. The CLEP NGS
oncology guidelines are quite thorough, including requirements for quality scores, control procedures,
acceptable numbers of specimens for validation studies and guidelines for establishing read depth,
accuracy, sensitivity, etc., focusing on actual performance rather than the details of bioinformatics
pipelines. Overall, the regulatory framework for NGS on the pure clinical side is coming together, with
certain aspects such as reporting criteria hopefully being sorted out in the near future.

However, if a clinical NGS test is defined by both the sequencing and downstream informatics, and the
informatics possibilities for a standard sequence are essentially limitless, how could CLIA supervision be
applied to combined research and clinical genomics operations without placing an extreme regulatory
burden on the sequencing laboratory? Would every analysis type need to be certified, or would a time-
consuming standardized analysis be required even if it were not needed for each particular operation?

The Distributive Model: An Analytical-Interpretive Split Across Genomics

Any ideal solution would allow sequencing centers to focus on their strengths and to leverage their
economies of scale, without requiring them to devote their time to unnecessary informatics and
interpretation. How can that be achieved in keeping with the spirit of proper CLIA oversight? As a
solution, we would propose an analytic-interpretive split (or a so-called “distributive model”) across both
clinical and research genomics. This split model simply means that one laboratory performs analytics and
then a second laboratory performs the interpretation and reporting. Thus, together, the two laboratories
perform all the functions that make up a laboratory test. This should be a straightforward arrangement,
but while some precedent and guidance policies exist, the regulatory structure that would govern such a
system is still evolving, as we will discuss.
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The benefits of enacting such a split model could be substantial, and we believe they could be gained
without significantly burdening our sequencing centers with undue excess costs. Under this type of system,
the basic sample processing and sequencing operation could be standardized across clinical patients and
the majority of new genomics research participants. The practical effect of this split would be to turn an
exome or genome sequence into a discrete deliverable unit that could be used for multiple downstream
purposes by multiple downstream labs. For each patient or participant, the same validated sequencing
would be performed, and that raw data, if individually desired, could be merged with their electronic health
record. Then, the data could be directly used per consent agreement with researchers for any type of
downstream investigative analysis. It could also be used for any type of downstream clinical analysis for
guidance of healthcare decisions. As we move towards higher-quality primary data, depending on the type
of analysis, this CLIA-certified raw data could be interpreted and used to guide healthcare choices with less
requirements for Sanger validation, obviating the need for secondary finding confirmation and resulting in
large cost savings.

In turn, we believe the resources required to install CLIA oversight of genomics centers would not be
prohibitive. Genomics labs would need to hire personnel and set up the physical plant commensurate with
CLIA and state regulations. Most genomics centers, being relatively new and well equipped, would not
require major modifications. In terms of test development, a modest number of assays and confirmatory
tests would need to be run to establish performance parameters, as discussed below, but compared to the
high sample volumes run by these centers it should not be overly burdensome. Of course, we fully realize
that there are many already biobanked samples in the research system, many of which have been
deidentified and/or not ideally consented for return of results, and it will therefore not be possible to apply
the above standards to such samples without considerable expense and effort to re-consent prior
participants. Thus, we are suggesting the above mainly for new patients and research participants.

Regulatory Considerations

The Federal CLIA statutes clearly state that all phases of testing, from test submission up to interpretation
and reporting procedures, are subject to oversight by the Centers for Medicare and Medicaid Services
(CMS). Assuming that participation in any one or more of these testing phases equates to involvement in
medical testing then, practically speaking, if two laboratories agree to split the processes of a medical test,
then both should require CLIA accreditation. This is a point of critical importance, because in the coming
years it is likely that economic forces will lead to more whole genome sequencing being performed in larger
centers, at least until sequencing becomes so inexpensive and ubiquitous that it diffuses back into smaller
labs and even office settings. But until then, we are likely to live through a time when sequencing will be
standardized and centralized, and yet many different downstream clinical analytic processes may be
desired. Enacting the type of split described herein allows organizations to leverage their strengths in
sequencing or bioinformatics and lower costs across the entire process. It may also help spawn a
generation of laboratories devoted to clinical genomic data mining. But if so, it is essential that we as a
community think of them and treat them in that way, as laboratories, even if they may be separated from
the wet lab. Their post-analytic processing would simply be an extension of a prior wet-lab process, and a
core component of a medical test. We must come to accept the in silico manipulation and mining of DNA
information as no different from its physical manipulation in aqueous solutions.

If we lose sight of informatics and interpretation as core components of medical testing, we will take on
huge risk as a community in the form of unregulated and unsupervised genomic interpretation. In the
clinical genomics field, the informatics and interpretation are the portions of the process most fraught with
complexity and that require the most in-depth knowledge. Every year, sequencing becomes more
straightforward, but analytics and especially medical interpretation are becoming more and more complex.
These processes require strict oversight if the clinical genomics field is going to be capable of maintaining
high standards of information and recommendations for the individuals we serve. CLIA is the only
available avenue to ensure on a constant, ongoing basis that these processes are being applied correctly, by
demanding transparency of practices, disclosure of validation data, review of personnel, operating
procedures and patient protection practices, and requiring a system of constant re-evaluation and
improvement.



It is our sense that the various regulatory agencies are realizing the possibility of additional upcoming test
cases for genomics distributive models and are giving the matter serious thought. From discussions with
individuals at CMS and CAP, their view is that in almost all cases an organization performing post-analytic
processes would require proper CLIA certification, but they do not yet have published guidelines on the
matter. CLIA subpart K, section 493.1242 dealing with specimen submission, handling, and referral, states
that a CLIA certified lab “must refer a specimen for testing only to [another] CLIA certified laboratory or a
laboratory meeting equivalent requirements as determined by CMS”. While not explicitly covering a split,
this at least offers a framework for inter-lab cooperation. The only governing body we are aware of that has
made a clear statement on the issue of distributive models is the New York State CLEP program, which
released business practice guidelines in 2008 covering this model
(http://www.wadsworth.org/labcert/clep/Administrative/NYSBusinessPracticeGuidelines.pdf). CLEP
requires both parties in a distributive model (analytic and interpretive) to be fully licensed, unless the
interpretation is performed by a solo practitioner or small physician group exclusively for their own
patients. The guidelines were written in this way so as not to infringe on the right of a physician to practice
medicine in the manner they see fit, which is another significant though perhaps less important gray area
that should be examined in the future.

Practical Application and Suggested Standards

In the largest operating genome sequencing centers in America (Broad, Baylor, WashU-St.Louis), most, if
not all, research exomes are sequenced to a depth of coverage of 20 reads or more per base pair in >80% of
the target region. In general, the clinical exomes on the market include sequencing to a somewhat higher
average depth, 100-150x compared with 70-100x for the research exomes. The reason for this emphasis on
deeper sequencing for the clinical exomes is the degree of variability across exome capture baits with
respect to pull-down efficacy. This is common across all exome capture technologies and results in a
skewed depth distribution [31], thus requiring high average coverage in order to cover a desired proportion
of the exome at a sufficient depth to make accurate calls. From a clinical perspective, as depth increases,
the sensitivity and specificity of variant calls improves dramatically, minimizing unnecessary confirmation.

WGS presents a different picture, as sequencing of unselected fragments results in a far more even read
depth distribution profile. The current CLIA-certified WGS at Illumina is performed with an average
sequencing depth of >30x, with >95% of all calls made at a depth of greater than 10 reads or more, which is
essentially the same as the research gold standard, making the establishment of crossover procedures more
straightforward compared with exome sequencing. It should be noted that the basic Illumina CLIA genome
does not include a confirmation methodology and thus the report recommends separate confirmation for
concerning findings prior to patient management [32]. Though Illumina is moving towards a full-process
interpreted genome, their original uninterpreted genome is actually an ideal example of the split model we
are advocating for, as it is essentially a technical product that requires downstream analysis, interpretation
and confirmation in a CLIA-approved setting. We would encourage Illumina to consider expanding this
basic CLIA process, currently a low-volume and higher cost separate sample pathway, and to move towards
making it a standard offering available to both clinical and research specimens processed in their
sequencing core.

The issue of clinical sequencing depth is tricky, particularly with respect to exomes, because it is difficult to
advocate for raising depth standards across sequencing applications when the sequencing is already quite
expensive. Though there is a firm rationale for deeper sequencing for clinical exomes, depending on the
application, lower depth may provide sufficient data for research applications. In the long term, we believe
the advantages of somewhat higher depth clinical-grade data would outweigh the associated costs, but the
issue of payers and resources is by no means trivial. Perhaps the recommendations for split models are
best suited for WGS applications, as the current basic research and clinical standards are quite similar.
Here, for both applications, the largest barrier to higher depth is cost, and even though 30x average depth
is the current standard, there is a general understanding that this depth opens the door to significant
numbers of false positive and negative findings, and represents a barrier to sensitive detection of larger
structural rearrangements.



So, in the future it would be desirable for the research and clinical field to move towards higher
quality/depth sequencing standards. It should be noted that these recommendations are not for overnight
adoption. In this field, we have seen repeatedly that the impossible can seem simple with the passage of
mere months. Over the near horizon is the next generation chip for the Ion Proton sequencer from Life
Technologies, which aims for a $1000 genome in one day. Even today, with the HiSeq 2500, we are
capable of performing WGS in just a day or two for approximately 4-5 thousand dollars. This machine
supports paired reads of 150 bp, 50% higher than HiSeq 2000 reads, and already certain groups have
reported success with dramatically longer read lengths, which directly produces greater depth. Thus,
already this machine should produce genomes significantly in excess of 30x, and as prices continue to drop,
the costs associated with increased depth will seem more and more reasonable. This is particularly true
when these costs are weighed against the potential benefits, which include full clinical utility of the primary
sequence, better quality data for projects and resulting databases, reduced prices for clinical sequencing
tests, and reduced costs associated with confirming variants, which eventually will approach zero as
sequencing power and quality improves over time.

Ethical Rationale for More Broadly Applied Clinical Sequencing

The topic of analytical variation touches on the critical related ethical issue of return of results, expectations
and therapeutic misconception, about which much has already been written [33-42]. Individuals, whether
they are well or ill or participating in a research study, need to be informed during the consent process
about the exact specifics of the proposed analysis. This is the interpretive corollary of the research
sequencing dilemma that arises when clinicians and participants are left uninformed regarding expected
data quality, coverage, and to what degree the data actually meet those standards. Of course, we fully
realize that our society is rapidly moving toward more and more online activity, with younger generations
more willing to share their data freely among each other. At some point, we hope that whole genome
sequencing will occur at birth, with all data uploaded to one’s own secure profile, to be used to guide
individual health decisions into adulthood and old age and also as a baseline reference for particular
disease states (cancer, etc.). This is in line with the idea that all medical records and information should be
made available to each respective person. As recently articulated by Maynard Olson at the Cold Spring
Harbor Laboratory Personal Genomes and Medical Genomic conference, such an arrangement could allow
certain people to opt into a “medical information donor network”, whereby they would donate their
longitudinal phenotype and medical laboratory data, including not only genomic data but also imaging,
blood testing, and many other things. One can already see that such a thing is possible with the recent move
by the company Facebook to allow people to register themselves as medical organ donors on their Facebook
page [43]. Also, the Personal Genome Project is doing much to break down some of the fear and
mythologies surrounding the public dissemination of genomic data [44].

Conclusions

NGS-based sequencing has revolutionized how we pursue genetics research, and it is starting to produce a
similar effect in the clinical genetics space. But it is not just our knowledge, scientific direction and
expectations for future medical applications that are being transformed. As we move forward, this
technology is beginning to push against our basic historic attitudes regarding what constitutes research vs.
medical practice, and is creating a host of resultant ethical and regulatory dilemmas. Clinical assays are
gaining a significant discovery component, while our research activities are producing an explosion of
potentially medically relevant data. As a community, it is essential to explore and intelligently navigate
these issues to ensure a rapid and smooth transition to a time when genomic analysis is a standard
component of individualized care.

Current cost/benefit considerations are largely responsible for impeding wider adoption of clinical genome
sequencing. Some argue that the information gleaned for most individuals does not outweigh the
sequencing cost. Merging clinical and research data collection via a distributive model would help this
enormously, as many clinical patients and research participants have legitimate sequencing needs and one
validated sequencing operation would then produce multiple benefits. Higher volume clinical-grade
genome sequencing would also drive down clinical sequencing costs, which are currently a 2-3x multiple of
the research costs. Analysis possibilities would then be left open for any sample: research samples, even if
not initially analyzed for clinical benefit, could be re-processed clinically at any time. This is a huge
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potential cost saver, enabling increased clinical utility to flow from a huge array of genomics projects, along
with improved quality assurance for research samples [5, 45] and the elimination of duplicative sequencing.
The benefits will grow exponentially as data quality and general comfort level increases to the point where
base-calling confidence statistics obviate the need for most confirmatory testing. Improved genomics
databases will also enable more powerful and higher quality future genome interpretation. Therefore,
clinical-grade results will enable all information from a genome/exome to be used for the benefit of the
individual, unlike the current system where many results are not allowed to pass through the research-
clinical wall. All of these benefits will serve to provide positive feedback and shift the cost/benefit ratio in
favor of further expanded sequencing.

Next-generation sequencing (NGS) is clearly a disruptive technology [46-49]. However, it is important to
keep in mind that each of the disruptive technologies of the past (the automobile, airplane, computer, etc.)
were certainly not free of regulatory or ethical dilemmas at the time of their introduction, or even to this
day, yet each has led to unmistakable improvements in our quality of life. This will ultimately be the case
with the genomics revolution, but to realize this promise we need to plan carefully as a community while
remaining cognizant of ethical and regulatory considerations. We believe that greater reliance on existing
CLIA regulations represents the most viable way forward, as CLIA provides clear guidance for ethical issues
related to patient safety and clinical/research demarcation and points us towards practical and efficient
solutions for bringing about true clinical genomics on a large scale.
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