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Historically, sequencing has been the key technology to assess variation in the genetic
code, and has been widely accepted in clinical diagnostics of genetic disease. The advent
of next-generation sequencing (NGS) methods increased the size of the analyzed target
by several orders of magnitude, while at the same time drastically reducing the cost of
sequencing. Current research allows sequencing of germline and tumor whole genomes.
However, with the arrival of cutting-edge technology to the clinical diagnostic field, strict
regulatory oversight is required to use the advances of the latest research when applied to
routine clinical practice. We discuss the differences between sequencing in a research
setting and sequencing in a clinical diagnostics setting, as applied to next-generation
technology.

The invention, implementation, and wide
adoption of next-generation sequencing

(NGS) technology has expanded the horizons
of genomics and significantly upgraded the ge-
netic testing toolkit. Research efforts of impres-
sive scale, such as the International Cancer Ge-
nome Consortium (ICGC, see icgc.org) and
The Cancer Genome Atlas (TCGA, see cancer-
genome.nih.gov), and the efforts of the Univer-
sity of Cambridge, Genomics England, and Il-
lumina to sequence 10,000 whole genomes of
children and adults with rare genetic diseases
(Moran 2014), are well underway. Without a
doubt, projects of this scale became possible
because of the phenomenal power of massively
parallel sequencing, commonly referred to as
next-generation sequencing.

Along with the incredible capabilities af-
forded in research studies, the horizon of clin-

ical diagnostics has expanded as well. For a
number of years, dideoxy-terminator (Sanger)
sequencing was the main tool of genetic diag-
nostics laboratories. A typical Sanger sequenc-
ing experiment results in 500–600 base pairs of
sequence and covers, on average, a single exon
of a gene. In contrast, NGS has enabled inher-
ited disease testing in panels of genes (�10–200
genes), exomes (�20,000 genes) and whole
human genomes (6 Gbp), diagnostics in solid
tumors and infectious diseases, as well as non-
invasive prenatal testing. The reasonably acces-
sible cost of NGS instrumentation and consum-
ables, along with the general acceptance of
genetic tests in the clinical community and the
availability of insurance reimbursement, led to
the great increase in the number of genetic ser-
vice providers. Currently, there are 684 molec-
ular diagnostics laboratories in the GeneTests
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registry (see genetests.org; Fig. 1). There are
close to 500 laboratories registered in the Ge-
netic Testing Registry ([GTR], see ncbi.nlm.nih
.gov/gtr); and, of 32,473 molecular tests regis-
tered in GTR, 9038 or 27.8% are using NGS
(Fig. 2) (Rubinstein et al. 2013).

With the number of NGS-based diagnostic
tests and the laboratories providing them con-
stantly growing, the issue of quality control and
clinical oversight becomes highly important.
Indeed, clinical sequencing provides test re-
sults to physicians, diagnoses are made, genetic
counseling is given, and patient treatment is
prescribed, based on the results of these tests.
Additionally, physicians need to be equipped
with sufficient knowledge to select the best pos-
sible and most relevant genetic test within the
complex landscape of institutional and insur-
ance contracts, laboratory providers, and reim-
bursement options. To make an educated deci-
sion, it is necessary that the medical community

be familiar with the types of tests available, their
sensitivity and specificity, clinical usage and va-
lidity, appropriateness for a specific patient/
phenotype, as well as the credentials of the lab-
oratory conducting genetic testing.

SEQUENCING PLATFORMS

Multiple NGS platforms are currently available
(Glenn 2011; Mardis 2011; Loman et al. 2012;
Quail et al. 2012; Ratan et al. 2013). At present,
the instrumentation and reagent market is dom-
inated by Illumina, followed by Ion Torrent. Pa-
cific Biosciences provides a powerful technology
for long reads, which can be used for specific
applications that can benefit from this approach,
such as full sequencing of HLA genes (Shiina
et al. 2012). The NGS landscape keeps changing,
with new players constantly emerging, such as
Oxford Nanopore, GnuBio, Genapsys, Genia,
etc. In addition, it should be noted that even
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Figure 1. Expansion of genetic diagnostic testing. Numbers for 2016 correspond to a partial year as of May 2016.
(Courtesy of Genetests.org.)
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the most established technology keeps changing
at a pace unheard of in previous years. For ex-
ample, Illumina updates its sequencing chemis-
try several times a year, providing new oppor-
tunities both on existing instruments (HiSeq
and MiSeq) as well as pushing technology and
throughput on new instruments (X Ten, Next-
Seq, and MiniSeq). From the standpoint of clin-
ical diagnostics, frequent changes in sequencing
technology require constant changes in labora-
tory protocols and full revalidation of each di-
agnostic test. Indeed, freezing all of the compo-
nents of a test foran extended period of time may
not be possible, as one has to depend on equip-
ment providers for supplying technology and
chemistry. Using the latest updates is necessary
to provide the highest quality data at a reason-
able price point. Therefore, the validation com-
ponent of clinical testing becomes a substantial
time and financial consideration, requiring sig-
nificant investment of resources.

TYPES OF CLINICAL NGS-BASED TESTS

Targeted Gene Panels

Targeted gene panels were the first use of NGS in
the clinical setting. The idea of simultaneous
analysis of multiple genes involved in a certain
pathway or for a specific phenotype (such as
hypertrophic cardiomyopathy or congenital
blindness) took the use of genetic testing to a
new level. Various previously developed poly-
merase chain reaction (PCR)-based strategies
(Nilsson et al. 1994; Dahl et al. 2005) provided
the technology for target selection from whole
genomic DNA. NGS allowed the laboratory to
analyze the sequence of all captured fragments
massively in parallel (Dahl et al. 2007). On the
other hand, parallel synthesis of a high number
of oligonucleotides on microarrays provided a
powerful strategy for target selection, and this
approach was used by multiple groups (Albert
et al. 2007; Okou et al. 2007; Porreca et al. 2007).

• Diagnostic value

• Reimbursement options

• Turnaround time requirements

• Platform selection

• Sequencing coverage considerations

• Bioinformatics analysis pipeline

• Sensitivity

• Specificity

• Reproducibility

• Selection and testing of positive controls

• Quality control

• Proficiency testing

• Data storage

Pretest

Test design

Validation

Implementation

Figure 2. Development flowchart of an NGS-based clinical diagnostics test.
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At that time, a typical molecular genetics test
was expected to scrutinize 100% of the target
nucleotides and detect all of the variations or
certify their absence. Although many of the de-
scribed methods had high target coverage of
.90%, none of them could provide 100% ana-
lytic sensitivity. Regions that did not attain suf-
ficient sequence coverage had to be augmented
by capillary sequencing. Putative pathogenic
variants (“mutations”) had to be confirmed by
an orthogonal method, usually capillary se-
quencing, which is considered the gold standard
of data quality in the diagnostic setting.

As the size of some targeted panels expands
well beyond 1000 exons, the need for supple-
mental coverage by capillary reads, to provide
100% coverage of every nucleotide in the test,
becomes a burden, raising the cost of the test
and increasing turnaround time from sample
receipt to reporting. In these circumstances,
and under the market pressure of faster turn-
around times and limited reimbursement rates,
some of the test providers might be inclined to
use various shortcuts, such as reporting the re-
sults without sufficient interpretation or with-
out a confirmation by Sanger sequencing. Gen-
erally, this has a negative effect on the quality of
the genetic test, and creates an additional level
of complexity for ordering physicians. In all
cases, a laboratory should make available the
test parameters (sensitivity, specificity, etc.)
for any molecular test offered in the clinical
setting to ordering physicians.

Exome Sequencing

Whole-exome sequencing (WES) inspects all of
the exons in the genome for variation compared
with a reference, along with the flanking intron/
exon boundaries for detection of splicing vari-
ants. Covering �2% of the genome, exome se-
quencing provides an efficient and economical
approach to the analysis of the protein-coding
regions of all �20,000 genes. This makes WES a
very popular tool for the identification of new
Mendelian genes (Bamshad et al. 2011; Gilissen
et al. 2012) and for diagnosis of patients with
complex phenotypes. In comparison to the ini-
tial efforts (Hodges et al. 2007), levels of target

coverage have been drastically improved. Mod-
ern “augmented” exome designs take the cover-
age to .99% of the target (e.g., Sureselect Clin-
ical Research Exome, see www.genomics.agilent
.com/article.jsp?pageId=2900001&_requestid=
24511). With wide availability of commercial
kits, WES is becoming a common genetic
diagnostics test, and is especially valuable for
patients who have an undiagnosed disorder
(Adams et al. 2012) in which a specific diagnosis
is hard to establish and multiple targeted genet-
ic tests or panels have failed to make a diagnosis
previously. It is important to realize the limita-
tions of WES and that “more genes is not always
better,” and the level of coverage for each gene
should be carefully considered. Indeed, no cur-
rent WES test can guarantee full coverage of all
genes, in contrast to targeted gene panels. Xue
et al. (2015) analyzed the conundrum of target-
ed panel sequencing versus exome sequencing
and suggested an efficient algorithm for molec-
ular genetic testing.

Whole-Genome Sequencing

Whole-genome sequencing (WGS) is predicted
to be the ultimate diagnostic tool, which exam-
ines the genes in their entirety, including deep
intronic regions and regulatory regions; in
addition, WGS allows detection of genomic re-
arrangements and better detection of copy
number variations. The first NGS sequenced
genomes were published in 2008, and despite
the tremendous technology improvement, us-
age of WGS still remains too costly and chal-
lenging for routine clinical diagnostic purposes.
Analysis of WGS data is also limited by the cur-
rent level of genetics knowledge and provides
only limited advantage over exome sequencing
in test sensitivity.

Noninvasive Prenatal Testing

Noninvasive prenatal screening (NIPS) makes
use of the cell-free fetal DNA that circulates in
the blood of pregnant women. NIPS is being
used for detection of certain types of genetic
disease very early in pregnancy, thus aiding in
pregnancy management. Currently, the NIPS
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diagnostics space is tangled up in intellectual
property disputes among the four companies
offering various flavors of this test. Their vali-
dated tests are reviewed in Agarwal et al. (2013).
The NIPS landscape is changing rapidly as a
result of court decisions, legal settlements, and
company acquisitions. Because of the intellec-
tual property protection and mutual litiga-
tion among the players in this space, the NIPS
market remains largely limited in the United
States, although not necessarily so in Europe
and elsewhere. Lack of wide public availability
in the NIPS market may lead to potential
issues with appropriate quality-control guide-
lines (Takoudes and Hamar 2014).

Somatic Cancer Genotyping and Sequencing

NGS is playing an increasingly important role in
the diagnosis and management of oncology
patients. For example, certain mutations in the
KRAS gene correlate with response to anti-
epidermal growth factor receptor (EGFR) ther-
apy (Dienstmann et al. 2011). Detection or
sequence variation in somatic tissue presents
one of the most challenging scenarios for
NGS, in part because of the often-limited tissue
availability and degraded starting nucleic acid,
such as in the case of formalin-fixed, paraffin-
embedded (FFPE) samples. Patient samples
usually present a heterogeneous mixture of tu-
mor and normal stroma; furthermore, the tu-
mors themselves can be quite heterogeneous.
These factors complicate the detection of path-
ogenic variants, which may represent a small
percentage of the sequenced alleles. As a result,
the detection level of allele variation must be
highly sensitive, with the ability to identify a
variant in as few as 2%–5% of the sequencing
reads. At this challenging level of detection, it
becomes very hard to distinguish the actual mu-
tations from stochastic noise, as this is close to
the sensitivity limits of the current sequencing
platforms. The usual approach is to increase the
depth of read coverage; unfortunately, there is
no common standard as to what this depth
should be, ranging from 100X to 1000X and
beyond. Incorporation of so-called molecular
barcodes is another common way to increase

the sensitivity of detection in an NGS assay
(Kinde et al. 2011). Confirmation of identified
variants represents a challenge as well, because
commonly used methods like Sanger sequenc-
ing cannot effectively detect low allelic fraction.
Because of these technical limitations, only a
few laboratories perform somatic variant detec-
tion by NGS in a clinical setting (Cottrell et al.
2014; Pritchard et al. 2014), although it is a fast-
growing field.

CLINICAL DIAGNOSTICS VERSUS
RESEARCH SEQUENCING

In trying to distinguish between clinical diag-
nostic testing and research projects, words “val-
idated” and “regulated” are mentioned most
often. Strict regulations govern the space of clin-
ical diagnostics, to certify the clinical and tech-
nical validity. It is based on the results of these
tests that diagnoses will be established and
patients will be treated; thus, the laboratory per-
forming the tests carries a high degree of respon-
sibility. The Centers for Medicare and Medicaid
Services (CMS) regulates all laboratory testing
performed on humans in the United States
through CLIA—the Clinical Laboratory Im-
provement Amendments (see cms.gov/clia).
NGS-based laboratory-developed tests (LDTs)
fall under the category of high-complexity test-
ing in CLIA guidelines. In our opinion, the fol-
lowing factors contribute to the clinical accep-
tance and diagnostic use of NGS-based testing.

Regulatory Requirements for Clinical
Laboratories

A laboratory performing clinical tests, where re-
sults are issued to an ordering physician, and the
results are used for the purpose of diagnosis
and/or guiding treatment, is required to carry
CLIA certification, the mechanism by which
CMS regulates all laboratory testing performed
on humans in the United States. Laboratories
with CLIA certification follow guidelines re-
garding personnel qualifications, quality-con-
trol programs that include enrollment and
participation in proficiency testing programs,
maintenance and inspection criteria for the lab-
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oratory equipment, etc. The CLIA programs are
administered by the states, and individual states
may have additional requirements beyond those
mandated by CLIA.

Accreditation by the College of American
Pathologists (CAP) is a voluntary step, under-
taken by most diagnostic laboratories, which
serves as a stamp of excellence and a third-party
approval of the laboratory practices. In terms of
regulatory policy, CAP accreditation represents
a more stringent level, compared with CLIA cer-
tification, and requires a quality-management
program, laboratory safety plan, document con-
trol plan, competency assessment program,
laboratory director oversight documentation,
and specific requirements for a laboratory infor-
mation system. CAP has issued guidance on
the standards for NGS clinical tests (Aziz et al.
2014), which indicate the general direction of
regulatory practice, as applied to NGS-based
testing.

In addition, some states specifically require
that the laboratory performing diagnostic tests
on the residents of the state be certified by the
state. The burden of this additional certifica-
tion varies greatly across the states, with the
most prominent program being that of the
New York State Department of Health (NYS-
DOH). To conduct testing on New York State
residents, not only the laboratory and its general
practices, but each individual test offered by the
laboratory has to be reviewed by this agency for
the laboratory to receive a New York State lab-
oratory license. The need to obtain such certi-
fication and the time required to obtain it re-
quires significant laboratory resources for the
diagnostic laboratories.

Additionally, guidelines for NGS in the clin-
ical setting are also provided by the American
College of Medical Genetics and Genomics
(ACMGG) (Rehm et al. 2013). The practical
usefulness of these guidelines cannot be over-
estimated. They are written by the leaders in the
NGS diagnostics field, set an excellent example,
and provide detailed directions for the genetic
diagnostic laboratories.

Finally, the Food and Drug Administration
(FDA) has written and is expected to issue guid-
ance, whereby clinical diagnostic tests devel-

oped by a laboratory (LDTs) will be treated as
devices under the FDA’s current device regula-
tion program, with the laboratories themselves
remaining under CLIA and State oversight. This
is a highly contentious issue, with many patient
and professional groups, as well as the laborato-
ries themselves, believing that the FDA does
not have jurisdiction over LDTs and laboratory
practices. There is also a possibility that there
will be a legislative solution, with Congress
enacting laws regarding how diagnostic labora-
tories will be regulated going forward. (see
genomeweb.com/molecular-diagnostics/fda-
finalize-ldt-guidance-amid-uncertainty-number-
genetic-tests-impacted).

Clinical laboratories will commonly use
components that have been sold by the manu-
facturer “for investigational use” or “research
use only” in their LDT, and then the test will
be validated according to CAP, CLIA, and state
requirements. The close adherence to published
standards currently remains the responsibility
of the providers, and their oversight to CMS.
An additional requirement for FDA test approv-
al would put significant burden on the test pro-
viders, slowing down new test development and
raising the cost of providing clinical diagnostic
tests, which may negatively reflect on the future
availability of current and new genetic diagnos-
tic tests.

Preanalytical Handling of Samples

Any laboratory providing clinical diagnostic
testing needs to exercise strict control over the
accessioning of incoming patient samples. In-
deed, accidental switching of samples or even a
delay in passing the samples through the testing
workflow may result in grave consequences for
the patient. A laboratory tracking system should
provide information about every stage of the
testing process, with samples being tracked
from the moment they enter the facility. A crit-
ical difference between research and clinical
testing, is that a sample for a research study
may be allowed to be discarded or replaced by
a sample from another subject if there is tech-
nical difficulty, whereas in clinical testing every
single sample is crucial and represents a separate
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and individual diagnostic result for which there
exists no substitute.

Wet-Bench Test Development and Validation

Clinical tests are developed because there is sig-
nificant clinical use in performing the test, that
is, improved health outcome for the patient.
Typically, a laboratory requires multiple peer-
reviewed publications implicating a gene/phe-
notype relationship (or variant/phenotype re-
lationship) before considering the development
of a new clinical molecular test. The specific
diagnostic requirements will define the scope
of the test, and the appropriate choice of tech-
nology. Although for some diagnostic con-
ditions it may be sufficient to examine only a
set of specific pathogenic variants, or the full
sequence of just one or a few genes, for other
conditions clinical use and high sensitivity may
be met only by examination of an extended gene
panel, or even WES. It is the responsibility of
clinical experts to define the scope and exclude
content, which could give uninterpretable re-
sults that may be of questionable value to both
the physician and the patient. From this point of
view, the principle of “more is better” is gener-
ally not followed in the clinical diagnostics set-
ting, while it might be appropriate in a research
setting. A good example is presented by the de-
bate over the return of incidental findings in
clinical sequencing: ACMG recommended that
known and expected pathogenic variants dis-
covered in certain genes (mostly those related
to cancer risk or cardiac disease) should be re-
turned to a patient undergoing clinical se-
quencing regardless of the assay’s indication
(Green et al. 2013); however, many diagnostic
laboratories offer opt-out policy for their cli-
ents, a policy now approved by the ACMGG.

Once the test components are assembled,
the test undergoes multiple iterative cycles of
improvement and testing, until it matures into
a stable workflow. At that point, extensive vali-
dation should be performed. The parameters of
the validation must be clearly defined up front,
and achieved every time the test is run (repeat-
ability). It is equally important to define both
what is expected to be covered (depth of se-

quencing, quality of sequencing) and what is
left beyond the scope of the test (genomic re-
gions that are not captured or sequenced suffi-
ciently because of issues, such as the presence of
pseudogenes, repeat regions, very high C/G re-
gions, etc.).

Analytic Validity

Analytic validity refers to the accuracy of a ge-
netic test in identifying the presence or absence
of sequence variants. Once the test is estab-
lished, a laboratory would typically run a num-
ber of validation samples with known variants
that had previously been identified using an
alternative method. That method could be
Sanger sequencing for nucleotide changes or
microarray hybridization for copy number var-
iants. It is not important for the validation
scheme to use only pathogenic variants; what
is being tested is the power of the newly devel-
oped test to detect sequence variation. However,
if there are common known pathogenic variants
in a specific gene, it is crucial that positive con-
trols for those variants are included in the val-
idation scheme.

Turnaround Time

The turnaround time (TAT) requirement is an
example of a metric, which is largely specific to
the diagnostic field. A clinical test is typically
performed and results reported within a partic-
ular timeframe, which is defined by the needs of
the physician to guide diagnosis, surveillance,
and treatment on one hand, and the technology
used in the laboratory on the other hand. Test
design should consider TAT requirements and
use appropriate methodology to achieve the de-
sired TAT. Failure to deliver results within the
promised TAT may be detrimental to the health
of a patient, as well as to the reputation of the
test provider.

Adequate Data Coverage

Depth of coverage is defined as the number of
individual NGS reads covering a given nucleo-
tide. The error rate of an individual NGS read is
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compensated by the number of multiple over-
lapping reads, which helps to minimize stochas-
tic errors and also to determine the consensus
sequence. The depth of coverage requirement
for any sequencing test depends on the type of
sequencing technology, read length, assembly
algorithm, and other factors (Schatz et al.
2010; Sims et al. 2014). Typical genetic diagnos-
tics tests require minimum coverage of 10–20X,
meaning that every nucleotide in the target re-
gion is covered by no less than 10 to 20 overlap-
ping reads (Ajay et al. 2011). ACMGG guide-
lines for NGF (Rehm et al. 2013) recommend
performing clinical exome sequencing to 100X
coverage overall, so that 90%–95% of the
exome is covered to at least 10X depth. The
same guidelines suggest alignment of the panel
or exome data to the whole genome, to correctly
map the reads to the regions of interest, and
avoid incorrect mapping to the homologous re-
gions in the genome. For WGS, 30–40X is con-
sidered standard. There is no clear guidance on
the depth of coverage required for somatic se-
quencing; typically 100X to 500X is achieved
and correlated to the level of minor allele detec-
tion. It is common to set the limit of minor
allele detection at 5%; going below 2% would
require the use of molecular barcodes and spe-
cialized bioinformatics solutions. As the depth
of coverage is related to the probability of cor-
rectly determining the sequence, it is an impor-
tant parameter of the clinical test, and should be
specified in the test description provided to
consumers. Similarly, the degree to which target
regions are covered constitutes an important
performance metric, and sets the diagnostic ex-
pectations as it impacts the test sensitivity

Validated and Consistent Computational Data
Analysis

Considering the enormous amount of data that
NGS creates, computational analysis is an abso-
lutely critical part of the diagnostic workflow.
Gigabytes of data coming off the sequencer need
to be turned into base calls, reads need to be
aligned to the reference sequence and nucleo-
tide changes have to be called. At each step,
multiple software tools can be used, their com-

bination being referred to as a bioinformatics
pipeline. Certain tools are more common in the
bioinformatics space; however, there is no stan-
dard or specific preference. Regardless of the
software tools used by the laboratory, the result-
ing pipeline should be robust and consistent,
producing identical results from identical input
over multiple tests. The pipeline often has to be
tuned for sensitivity to detect specific muta-
tions, while also minimizing false-positive find-
ings that would unnecessarily extend the time
and cost of analysis because of the need to con-
firm variants before reporting (see section on
Confirmatory Testing below). Because of the
wide selection of sequencing platforms and
bioinformatics algorithms, and in the absence
of a common standard, reference projects like
“genome in a bottle” (Zook et al. 2014) can
be useful, to establish a benchmark for the
bioinformatics pipeline. The regulatory criteria
for clinical diagnostic testing clearly apply to
the bioinformatics tools as well. Once the bio-
informatics pipeline has been validated and
put in place, any changes to the programming
code have to be documented. With every change
to the pipeline, full end-to-end validation must
be performed to show that the sensitivity and
specificity of the overall test has not been com-
promised.

Confirmatory Testing

NGS technologies operate on massive amounts
of data and the findings are based on statistical
approaches and the sensitivity of the bioinfor-
matics analysis. Despite the ever-improving
quality of both NGS data and available analytic
tools, false-positive and false-negative results
are observed, when compared with the gold
standard of Sanger sequencing. For this reason,
ACMGG guidelines strongly suggest confirma-
tion of NGS-identified and reported variants
by an orthogonal method. For nucleotide
changes, this could be Sanger sequencing; for
copy number variants, this could be microarray
hybridization or quantitative PCR. For somatic
mutation diagnostics, the sensitivity of the con-
firmatory method should be adequate, and real-
time PCR may be a possible approach. The type
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of confirmatory testing should be clearly speci-
fied by the diagnostic laboratory in the de-
scription of a clinical test. The need to confirm
pathogenic variants represents an important
difference between research and clinical se-
quencing; indeed, while in the former case the
general statistics of mutation is sufficient for a
scientific study, in the clinical case, a false-pos-
itive result reported to a physician may lead to an
incorrect diagnosis and treatment of a patient.

Clinical Utility

The term “clinical utility” refers to the likeli-
hood that the results of the test will lead to an
improved health outcome, be it by simply pro-
viding an answer to the question “what does this
patient have”? or to directing specific treatment
to the disorder. A genetic test will be judged by
the added value it brings into the clinic. To suc-
cessfully launch and run a test, and collect pay-
ment for it, its clinical usage must be clearly
shown. Detecting mutations in individual genes
helps to establish the correct diagnosis. This is
especially beneficial in the cases of exome/ge-
nome sequencing, in which a patient has com-
monly gone through a long and expensive diag-
nostic odyssey without resolving the diagnosis.
Typically, exome sequencing will result in a 1/4
to 1/3 positive diagnostic rate (Lee et al. 2014;
Yang et al. 2014). One WGS study conducted in
a small highly selected group of NICU/PICU
patients reported a diagnostic rate as high as
57% (Petrikin et al. 2015). Similarly, diagnostic
tests leading to identification of somatic muta-
tions in tumors assist in targeting the tumors
with specific drugs and the approach is expected
to have tremendous value in the treatment of
cancer.

Analytical Sensitivity

ACMGG guideline defines analytical sensitivity
as the “proportion of biological samples that
have a positive test result or known mutation
and that are correctly classified as positive.” An-
alytical sensitivity of a test can be established
retroactively by performing the test on a num-
ber of samples with previously identified and

confirmed disease-causing variants. It is impor-
tant that the variants represent true pathogenic
mutations, confirmed by clinical analysis and/
or functional studies. Analytical sensitivity is
directly related to the false-negative rate; if an-
alytical sensitivity is high, few variants will be
missed, and thus there will be a low false-nega-
tive rate. Analytical sensitivity is critical in the
context of diagnostic testing, which should aim
to miss no important variants. It is hard to de-
termine the sensitivity of a test that is directed at
the discovery of novel variants; in this case, the
confidence of novel variant discovery can be
extrapolated based on the detection rate of pre-
viously confirmed findings. The wider and
more diverse is the number of correctly identi-
fied variants, the higher is the confidence in the
discovery of new mutations.

Analytical Specificity

ACMGG guidelines define analytical specificity
as “the proportion of biological samples that
have a negative test result or no identified mu-
tation (being tested for) and that are correctly
classified as negative.” Analytical specificity is
related to the false-positive rate; the higher the
specificity of the test, the fewer false-positive
results will be identified. The false-positive
rate greatly depends on the technology, which
can produce artifacts looking like legitimate se-
quence variants. In this context, the need for
performing orthogonal confirmation is very
clear and should, in principle, eliminate false-
positive variants.

Sensitivity and specificity are closely related.
Indeed, a test with very high specificity could be
tuned to call too many false-positives or “over-
call” the variants; under this condition, the spe-
cificity would be low, and the number of suspect
mutations to be confirmed by an orthogonal
technology would be high, and require an exten-
sive effort by the laboratory. In the opposite case,
when the sensitivity of detection is tuned low,
false-negative results would become a risk. In
clinical diagnostics, it is possible to rule out a
false-positive result by performing confirmatory
tests, but a false-negative result cannot be con-
firmed and may lead to detrimental consequenc-
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es in patients’ care. The optimal balance of sen-
sitivity and specificity is difficult to achieve, and
requires extensive validation efforts.

Although the concept of analytical sensitiv-
ity and specificity is an intrinsic feature of a clin-
ical diagnostic test, these parameters are not typ-
ically inspected closely in a research setting.
Commonly, because of the number of samples
in a research study and lack of a “calibration”
dataset, research analytic tools will assume that
certain types of mutations are disease-causing,
without further analysis and revision of individ-
ual variants. For example, a nonsense variant
might automatically be deemed “damaging,”
whereas in reality this may not necessarily
be the case for a particular gene/phenotype re-
lationship. Research sequencing provides valu-
able gross statistics; clinical diagnostics deals
with individual mutations on a patient-by-pa-
tient basis, and is the essence of personalized
genomics.

Postanalytical Results Handling,
Including Report Writing, Review,
and Data Storage

Another aspect that distinguishes research NGS
from clinical diagnostics is the results report. In
a diagnostics laboratory, tests are ordered by a
physician, and the final product generated by
the laboratory is a clinical report, which com-
prises and explains the result of testing, provides
result interpretation, and is signed by the doc-
toral-level laboratory director, who must be
board-certified in a relevant field. Once the
bioinformatics pipeline performs data align-
ment and nucleotide variant calling, the vari-
ants called are reviewed and interpreted by a
qualified analyst with expert knowledge of the
analyzed genes, who classifies each variant as
pathogenic, likely pathogenic, uncertain signif-
icance, likely benign, or benign. The result re-
port is then written, often by a certified genetic
counselor or geneticist, who provides relevant
technical and clinical information with refer-
ence to appropriate publications for the physi-
cian’s use,

It is absolutely critical that the chain of cus-
tody is tracked throughout the steps of the anal-

ysis workflow, beginning with sample receipt
and accessioning, and ending with the report
writing and distribution. Patient information
confidentiality should be preserved throughout
the testing process, and the result report should
be correctly matched back to the identification
data on the submitted sample at the end of the
test. These steps require complex laboratory in-
formation tracking systems, which should be
developed in compliance with appropriate reg-
ulations of HIPAA (Health Insurance Portabil-
ity and Accountability Act), CLIA, and CAP.
The same regulations cover the policy of sample
and data storage.

In a clinical diagnostics laboratory, compli-
ance with regulations should be controlled
through a quality-management program. This
program oversees documentation of protocol
and informatics pipeline modifications, instru-
ment maintenance and calibration, proficiency
testing, training, exception log, corrective ac-
tion, and similar regulatory aspects. Quality
management allows the clinical sequencing lab-
oratory to maintain the exceptionally high stan-
dards of diagnostic testing, which are required
for physicians to provide the best possible care
for patients.

CONCLUSION

Next-generation sequencing, taking the DNA-
related research to unprecedented heights, is
gaining momentum in the clinical molecular
genetic diagnostics space. The power and avail-
ability of NGS-based tests is guaranteed to bring
patient care to a new, highly advanced level.
Strict regulations and standards of clinical care
must be established and adhered to for NGS
tests to provide the highest possible value in
the care of patients and families with genetic
disease.
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