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T
raditionally, medicine has 
followed a one-drug-for-all-
patients approach to disease, 
largely as a result of our poor 

understanding of pharmacology and 
disease pathology. Over time, research 
has helped us to uncover how disease can 
develop, and new pathways through 
which it may be treated. To maximise the 
potential of this understanding, it has 
become necessary to develop tools that 
can more accurately and effectively 
determine the nature of a patient’s illness. 

To this end, researchers have established 
the novel field of molecular diagnostics. 
These are techniques that are capable of 
analysing biological markers within the 
genome or proteome to guide diagnoses, 
prognoses, or treatment plans for patients 
with unexplained illnesses. This report will 
outline the different forms of molecular 
diagnostics that are currently available 
and when they might be applicable within 
a clinical setting, as well as the potential 
hurdles faced when developing new tests. 

POLYMERASE CHAIN REACTION-
BASED ASSAYS

One of the oldest forms of molecular 
diagnosis involves the polymerase chain 
reaction (PCR), which greatly amplifies 
genetic material present in a sample using 

natural DNA replication mechanisms. 
Once the targeted sequences have been 
significantly amplified, they can then be 
assayed to identify the sequences present, 
often via techniques such as Enzyme-
Linked Immunosorbent Assays (ELISA) or 
next-generation sequencing.

The amplification technique PCR is a cyclic 
process that involves continual repetition 
of three core steps: denaturation, 
annealing, and extension. During these 
steps, the DNA of interest is heated 
until it denatures into a single stranded 
structure, sequence-specific primers are 
annealed to the ssDNA fragments, and a 
temperature-tolerant DNA polymerase 
enzyme replicates any sequences bound 
to the primers. As the polymerase enzyme 
will only bind to fragments annealed 
with the primer sequence, PCR enables 
highly targeted DNA amplification, even 
when the target sequence occurs at low 
concentrations in the original sample.

After amplification has taken place, the 
sample can undergo assay testing. Most 
commonly, this involves using an ELISA test, 
which is a plate-based assay technique that 
can detect and quantify biological materials 
through selective antibody binding. When 
the target sequence, e.g. a sequence that 
is known to be disease-linked, is present, 
the antibodies will bind to the DNA and 

INTRODUCTION
a reporter mechanism will be activated. 
Alternatively, if the target sequence isn’t 
present in the sample, the antibodies 
won’t bind and so the reporter will not be 
activated.

While PCR is a highly effective method for 
sequence amplification, the technique has 
certain problems that can limit its ability to 
assist with diagnoses. The most important 
issue is that the process relies on using 
sequence-specific primers to stimulate 
amplification; this allows for target 
sequences to be preferentially amplified 
but it presents a challenge if the clinician 
is unsure of their patient’s condition. In 
order to design primers that can function 
as intended, the manufacturer of the test 
needs to have a clear indication of the 
target sequence and this requires both 
confirmation of the disease of interest and 
an understanding of the genetic factors 
implicated in that condition. 

As a result, PCR-ELISA testing has limited 
functionality for a patient whose condition is 
not indicated by observable characteristics 
or symptoms. A potential solution to this 
is to use primers that target a broad range 
of potential health risks, such as genes that 
are present in many forms of infectious 
pathogens, or genes that are commonly 
associated with cancer. In this way, clinicians 
can identify the presence of DNA sequences 
that indicate a type of condition without 
needing a specific diagnosis, something that 
can subsequently be obtained using more 
specific testing. 

One of the primary areas of clinical 
application for PCR-ELISA is in the 
detection and diagnosis of pathogenic 
organisms during infections. Traditional 
methods for examining pathogens 
require a large time commitment to 
culture samples over a matter of days 
or weeks, which can be a major issue 
for patients with acute infections. 
With the rate of antibiotic resistance 
increasing dramatically over the last few 
decades, clinicians need to be able to 
detect and accurately identify infectious 
pathogens as soon as possible, so 
that they can be treated with the 
appropriate medication. 
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PCR-ELISA is one way in which this 
may be done, as the primers can be 
targeted towards a range of different 
pathogenic features. For example, the 
primers may be targeted towards the 16S 
rRNA gene that is shared by all bacteria, 
while being absent in humans, to confirm 
that the patient’s illness is bacterial in 
nature. Alternatively, the primers may 
target sequences known to be linked to 
antibiotic resistance to establish which drug 
treatments are most likely to be effective. 

PCR is also seeing increasing use in the 
detection and diagnosis of cancer, in 
particular a form of the technique called 
droplet digital PCR (ddPCR). This is because 
the nature of the targeted amplification is 
highly suited to the detection of sequences 
that are only present at a low concentration 
in samples, as cancerous DNA often is. 
Combined with the quantitative properties 
of more modern PCR techniques such as 
qPCR and ddPCR, these types of tests are 
being used more and more often when 
diagnosing or monitoring cancer patients.

FLUORESCENCE IN SITU HYBRIDISATION

The earliest forms of in situ hybridisation, 
which were developed in 1969, relied on 
radioactively-labelled probes and were very 
difficult to perform reliably, limiting them to 
a small number of specialised laboratories. 
In time, researchers adapted the system 
to use the more accessible fluorescent 
contrast microscopy, allowing a greater 

number of labs to work with the technique. 
Since then, in situ hybridisation has been 
continually adapted and improved; the 
technique that is most commonly used 
today was first developed in the 1990s. 

Modern fluorescence in situ hybridisation 
(FISH) uses a DNA or RNA probe sequence 
that is complementary to the target 
gene and which has been labelled with a 
fluorescent tag. This tag may be inherently 
fluorescent, or it may not fluoresce alone, 
but can be rendered fluorescent later in 
the process with secondary reagents.

The chromosomes of interest are placed 
on a glass slide with the labelled probes, 
and all sequences present are thermally 
denatured to break down hydrogen bonds 
between any double strand helices. Once 
the denaturing process is complete, the 
mixture is cooled to allow the probes to 
hybridise with their target sequences. If 
the probes are inherently fluorescent, 
their location will then be observable 
directly; otherwise, the secondary agent 
can be added to stimulate fluorescence 
at the hybridised loci. In either case, the 
hybridised sequences can be examined 
using fluorescent microscopy to identify 
where the target sequences occur within 
the chromosomes. 

The success of this identification process 
is reliant on two core features of the 
microscope: the resolution and the 
sensitivity. The resolution of the microscope 

ONE OF THE OLDEST FORMS 
OF MOLECULAR DIAGNOSIS 

INVOLVES THE POLYMERASE 
CHAIN REACTION (PCR), WHICH 

GREATLY AMPLIFIES GENETIC 
MATERIAL PRESENT IN A 

SAMPLE USING NATURAL DNA 
REPLICATION MECHANISMS.“
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refers to its ability to differentiate between 
two fluorescent loci that occur in proximity 
to one another. When the resolution is poor, 
the two points will be indistinguishable as 
separate loci and thus will only be registered 
as a single target sequence. Typically, 
modern fluorescent microscopy will not be 
able to resolve spatial differences below 
200 nm, due to the minimum wavelength 
of visible light, and this restriction can limit 
FISH testing. 

The sensitivity of fluorescent microscopes 
is generally more variable than their 
resolution. The term refers to the 
machine’s ability to differentiate between 
fluorescent regions and areas that are 
not exhibiting any fluorescence. This can 
be a problem for FISH experiments when 
clinicians are targeting short regions; 
longer genes will fluoresce more strongly 
because more fluorescent tags will be 
bound to the locus, while shorter sections 
will be much less bright. If the target 
genes are only very short, then a highly 
sensitive microscope will be needed to 
accurately identify their locations.

The spatial consideration of microscope 
resolution also requires clinicians and 
technicians to consider the conformation of 
DNA within the chromosomes of the cells 
they wish to test. Throughout the cell cycle, 
the DNA within the nucleus undergoes a 
number of structural changes that enable 
the chromosomes to be replicated and 
split between two new daughter cells. For 
example, chromosomes are very tightly 
packed during metaphase, while during 
interphase they adopt a looser, more open 
conformation. These changes can have 
significant influences over FISH results 
and thus need to be accounted for when 
planning tests, particularly in the context of 
the intended test.

Since its initial development as a 
gene mapping tool, FISH has become 
an important part of the field of 
molecular diagnostics. In particular, 
hybridisation techniques such as FISH 
have proven to be highly useful for 
diagnosing chromosomal abnormalities, 
including translocations, deletions, and 
duplications. This is possible because 
the technique allows for sequences to be 
identified in relation to their position on 
a chromosome. By targeting sequences 
that are present in the genes of interest, 
clinicians are able to establish if they 

have undergone any structural or 
locational changes that could account for 
an observed disease. 

When working with patients to obtain a 
diagnosis or monitor treatment, clinicians 
can apply site-specific or breakapart probes 
to investigate a multitude of different loci 
depending on the symptoms of the patient. 
Using these tools, clinicians are able to 
study a single or a small number of gene 
rearrangements that have been linked to 
disease in each test to confirm or reject a 
diagnosis. For example, a patient that is 
presenting with symptoms suggestive of 
chronic myeloid leukaemia may undergo 
FISH testing for the presence of  BCR-ABL1 
rearrangement (a reciprocal translocation 
between chromosome 9 and chromosome 
22), which is the hallmark of that disease. 

These days, FISH is a common 
technique due to the simplicity of the 
experimentation and analysis. There are 
many commercial companies offering off 
the shelf and custom design FISH probes, 
such as Cytocell® FISH probes from 
Oxford Gene Technology (OGT).

MICROARRAYS

Instead of examining sequences or gene 
position as PCR and FISH do, microarrays 
offer clinicians the opportunity to test the 
transcriptome or gene expression. The 
technique involves binding thousands of 
cDNA fragments to a solid slide at known 
positions, which then act as probes for 
the mRNA content of a patient’s sample 
(and, typically, a reference sample). Any 
mRNA present in the specimen of interest 
is fluorescently-labelled and added to 
the plate, where it will hybridise with 
the corresponding immobilised DNA 
sequences, highlighting those positions. If 
a gene is being overexpressed in a patient’s 
sample, then the corresponding position 
will primarily take on the colour of the 
sample mRNA label, while genes that are 
underexpressed will lead to positions that 
are primarily the colour of the reference 
sample’s mRNA label. If the gene is being 
expressed normally in the patient, then the 
corresponding position will be a mix of the 
labels of both the reference and the sample. 

Beyond gene expression, microarrays are 
also a major tool for genotyping testing, in 
particular for detecting single nucleotide 
polymorphisms (SNPs) and copy number 

variations (CNVs). Such variants are 
commonly associated with many types of 
disease and can have a significant impact on 
gene expression profiles, thus making them 
an important target for clinical microarrays. 
These types of microarrays are also used 
widely outside of clinical genomics, including 
in large biobank studies, genomic research, 
and direct to consumer testing.

One of the strongest advantages of 
microarrays is that they are capable 
of examining thousands of genes in a 
single test, unlike PCR-based assays and 
FISH tests that are limited to a very small 
number of sequences for each experiment. 
This allows clinicians to obtain a complete 
gene expression profile for a sample in 
one test, significantly reducing the time 
requirement of obtaining the data. 

This broad approach has been found to 
be particularly useful for clinicians looking 
to understand their patient’s particular 
cancer, as they can test many different 
cancer-related genes at once. As cancers 
are typically the result of a large number 
of mutations that have a cumulative effect 
on diseased cells, building a picture of 
the affected expression pathways is an 
important step towards identifying an 
effective treatment. For example, microarray 
testing may reveal that a patient’s cancer 
is associated with the overexpression a 
particular replication gene, which can be 
suppressed with a specialised anti-cancer 
agent. The same test could also indicate 
the silencing of another gene linked to DNA 
repair, which may be targeted by a second 
drug that suggests a combination therapy 
could be the most effective treatment. 
Microarrays have also been used to 
establish the primary site of origin of various 
types of metastatic tumours, improving our 
ability to classify patients. 

The downside of having such a broad 
overview of a sample is that the 
bioinformatics analysis necessary to 
comprehend the data generated can be 
very complex and, as a result, expensive. In 
cases where a diagnosis is suspected, this 
problem can be minimised by using smaller 
arrays with fewer, targeted sequences, but 
this isn’t possible for all patients. Over time, 
however, our ability to handle and analyse 
microarray data has improved significantly 
with better hardware and software 
solutions being made available, a trend 
that looks set to continue. n
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Genetic analysis has come a long way since the 1950s. We now 
have an ever-expanding collection of analytical tools in the 
diagnostic laboratory – so why do we still need a technique 

that usually only looks at one or two loci? The simple answer is that 
results from fluorescence in situ hybridization (FISH) can quickly 
confirm diagnoses, guide clinicians’ judgements regarding differential 
diagnoses, and correlate results with clinical risk, enabling an informed 
choice of treatment type and intensity. Many clinical trials use 
cytogenetic and FISH data to stratify patients according to specific risk 
factors. FISH is often used as a stand-alone technique for investigating 
abnormalities and following-up such patients, which alongside its 
relatively low expense, makes it a very convenient investigative tool.

The vast majority of oncologic FISH investigations are carried out 
on bone marrow samples for the investigation of haematological or 
lymphoid malignancy. Targeted FISH can reliably demonstrate the 
presence of a gene fusion in as few as 1% of cells when using a dual-
fusion probe set1 and can also, in some cases, demonstrate clonal 
evolution, progression events, or the presence of multiple cell lines. 

An example of the practical application of FISH testing is the 
assessment of patients with acute promyelocytic leukemia 
(APL); the diagnosis of patients with APL hinges on detection of 
a pathognomonic gene fusion, PML-RARA.2 Early diagnosis is 
important as, without treatment, this disease can cause serious 
clotting or bleeding problems.3 Thus, rapid testing is required in 
situations where APL is suspected. Recent advances in FISH probe 
formulation have enabled the manufacture of FISH probes which 
can be hybridized in just a few hours, meaning that a PML-RARA 
FISH result can be reported to the clinician on the same day, 
something that, at present, sequencing is unable to do.

In other haematological malignancies, for example chronic 
lymphoid leukemia or multiple myeloma, difficulty in obtaining 
conventional cytogenetic G-banded preparations has caused an 
almost complete shift to FISH testing for these diseases. This has 
resulted in FISH-based risk stratifications and, in some cases, the 
use of companion diagnostics.4,5 

Although FISH testing is carried out on many different types of 
solid tumour specimens, the majority of testing of solid tumours is 
carried out using probes for HER2 and ALK on breast cancer and 
non-small cell lung cancer specimens, respectively. In breast cancer, 
FISH testing confirms HER2 amplification status by counting the 
number of copies of the HER2 locus. It can demonstrate small areas 
of amplification, which may be equivocal by immunohistochemistry 
(IHC) testing or would have been missed by molecular testing. 

ALK FISH testing is carried out using a break-apart probe which 
will indicate the presence of ALK gene rearrangement. Cases 
that are equivocal by IHC testing may show small areas of ALK 
rearrangement-positive cells by FISH.

FISH testing is also still carried out in constitutional laboratories, 
primarily for rapid prenatal testing, but also as post-natal testing 
for microdeletion syndromes, although the post-natal use of FISH 
has declined with the uptake of array testing. This molecular testing 
method has a higher resolution than FISH and also targets many 
loci simultaneously, giving a more comprehensive result. FISH may, 
however, still be used in these laboratories to confirm array results.

So, what does the future hold for FISH? Sequencing methods have 
historically handled the role of mutation analysis due to FISH’s 
inability to detect these aberrations, while FISH testing has been 
used in the diagnostic laboratory to identify copy number neutral 
changes such as translocations, inversions, or insertions. Recently, 
however, NGS methods have become capable of predicting copy 
number neutral changes and, as more molecular testing is carried 
out at diagnosis, further risk stratification will occur based on 
that testing. At present, these analyses are assessed alongside 
cytogenetic and FISH testing results,6 but based on recent trends, 
the time will come when molecular stratification will be the norm.

Does this spell the demise of FISH? Not quite. As the cost of NGS 
decreases, more labs may switch to NGS; however, conventional 
cytogenetics is currently still the cheapest and easiest whole 
genome screening test – albeit at very low resolution – and 
FISH testing dovetails nicely into a cytogenetics lab set-up. Also, 
innovative new techniques which combine automation and other 
technologies with FISH, enabling its use in novel applications will 
significantly increase the longevity of this testing method and allow 
it to compete alongside newer molecular testing methods. 

The shift towards molecular testing is inevitable, but we can be 
sure that as an inexpensive, robust, and reliable test that is easy to 
implement, FISH testing will be around for a long time to come. n

FISH IN THE GENOMIC 
TESTING AGE

Steve Chatters DipRCPath, Director of Medical 
Affairs, Oxford Gene Technology
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HOW IT ALL BECAME PERSONAL

The past decade has seen the concurrent development – and 
success – of molecular diagnostics and Precision Medicine. 
Precision Medicine has transformed therapeutic alternatives 

in oncology and other clinical areas, driven by the rapid evolution 
of molecular diagnostics.

The practice of medicine has always focused on specific 
phenotypic characteristics of each patient to determine how to 
treat them. However, the first demonstration of Precision Medicine 
requiring molecular diagnostics was the application of molecular 
diagnostics in the pharmacogenomics of drug metabolism 
enzymes (1). Mutations in the genes for these enzymes lead to 
incorrect dosing for many therapeutic drugs across multiple 
clinical areas (2). The Critical Path for Innovation documents 
issued by the FDA in 2004 (3) both acknowledged and encouraged 
development of molecular diagnostic tests drug metabolism 
enzyme mutations which would lead to accurate dosing. The 
list for therapies which the FDA recognizes today (4) as requiring 
testing to determine accurate dosing includes over 90 entries.

Over the next decade, a second set of molecular diagnostics was 
developed, reflecting the development of targeted therapies in 
oncology (4). In oncology, the relationship between molecular 
diagnostics and precision medicine was triggered by the approval 
of Herceptin (5) targeting overexpression of the Her2 gene. Whether 
measuring genomic overexpression or genomic variants for patient 
selection, these tests identified patients likely to benefit from 
targeted therapies. Targeted therapies initially led to the concept 
that Precision Medicine was all about “one gene – one drug” (6). This 
simplified view of Precision Medicine kept corresponding molecular 
diagnostics simple in platform, analysis of results, and validation. 
Technologies (7,8) for the platforms of these molecular diagnostics 
predated Precision Medicine and drove a strictly incremental 
adoption of targeted therapies. Several studies (9,10) published over 
the first decade of Precision Medicine questioned the therapeutic 
value of targeted therapies with companion diagnostics identifying 
patients with “one-gene – one drug” molecular diagnostics.

THE PATH FROM “ONE-GENE-ONE-DRUG” TO “MANY-GENES-
ONE-DRUG”

Sanger sequencing for DNA (11) was available at the onset of 
Precision Medicine. While it was the original platform for much 
of the knowledge available at the time about DNA sequences, 
it was also slow, expensive, and not suitable for molecular 
diagnostic applications. Next-Generation Sequencing (NGS) (12) 
developed throughout the first decade of Precision Medicine 
and transformed the speed, cost and molecular diagnostic value 
of DNA sequences. NGS results have allowed pathologists and 
oncologists in Molecular Tumor Boards optimizing therapeutic 
opportunities for their patients to look not only at single gene 
expression and mutations associated with targeted therapies, 
but to genes in molecular pathways related to target genes in 
oncology (13). Decision-making by Molecular Tumor Boards is 
now based not only on that which is as certain as companion 
diagnostics, but also on that which is less certain, on sequencing 
information which can contribute to the accuracy of this 
therapeutic decision-making.

THE PATH FROM SOLID TUMOR BIOPSY SPECIMENS TO LIQUID 
BIOPSY SPECIMENS

Precision Medicine in oncology developed initially with solid tumor 
biopsy specimens. For the most part, therapeutic decision-making 
is possible with these specimens. However, there are tissues (such 
as lung tissue) for which solid tumor biopsies are challenging (14) 
for molecular diagnostic therapeutic decision-making in oncology 

CRITICAL PATH FOR 
PRECISION MEDICINE

Federico Goodsaid, Regulatory Affairs Consultant, 
Opus Three LLC
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patients. Tumor biopsy specimens are also difficult to use to 
monitor response and recurrence in oncology.

Liquid biopsies have been used for prognostic applications in oncology 
over two decades. Figure 1 shows the different permutations for 
indications, signal sources, and platforms for liquid biopsies:

These permutations have led to one FDA-approved product (15) for 
EGFR targeted therapeutic decision-making using cell-free DNA 
and qPCR. This product shows excellent specificity, but only 77% 
sensitivity when compared to its indication with tumor biopsy 
specimens. Its label recommends the therapy for positive results 
and the tumor biopsy indication for negative results from the test.

There have been several other Laboratory Developed Tests (LDTs) 
developed for therapeutic decision-making using cell-free DNA and 
NGS (16). Some have received Breakthrough Designation (17) from the 
FDA. This specific product design permutation, however, is subject 
to fundamental limitations in sensitivity for detection of cell-free 
DNA from tumors as a fraction of total plasma cell-free DNA and 
in the pipeline software for the accurate identification of variants. 
A paper published recently (18) comparing results for two of these 
LDT liquid biopsies concluded:

• Very low congruence for same patient-paired samples
• Cannot determine which test is more accurate
• Reported gene alterations will not be the same across different 

platforms
• Patients could receive different treatments depending on the 

cfDNA platform.

A follow-on 2018 report from ASCO on Liquid Biopsy Tests in 
People with Cancer (19) concluded that:

• There is not enough evidence, at this time, to know whether 
use of the majority of ctDNA tests in advanced cancer is 
justified, outside of screening for participation in, or during, 
a clinical trial.

• There is not enough evidence, at this time, to support the 
routine use of ctDNA tests for early-stage cancer, making 
treatment decisions, monitoring how well a treatment 
is working, finding remaining cancer cells, or for cancer 
screening, except screening for participation in, or during, a 
clinical trial.

• There are inconsistent findings when testing with liquid biopsies 
versus testing with tumor tissue, so negative liquid biopsy results 
should be confirmed with tumor tissue genotyping. 

Figure 1. Product design permutations in liquid biopsies

By indication

• Therapeutic decision-making
• Minimal residual disease
• Predictive cancer signatures

By signal source

• Cell-free DNA
• Circulating Tumor Cells

By platform

• qPCR
• ddPCR
• NGS

NGS RESULTS HAVE ALLOWED PATHOLOGISTS AND 
ONCOLOGISTS IN MOLECULAR TUMOR BOARDS 
OPTIMIZING THERAPEUTIC OPPORTUNITIES FOR 
THEIR PATIENTS TO LOOK NOT ONLY AT SINGLE GENE 
EXPRESSION AND MUTATIONS ASSOCIATED WITH 
TARGETED THERAPIES, BUT TO GENES IN MOLECULAR 
PATHWAYS RELATED TO TARGET GENES IN ONCOLOGY.“
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MOLECULAR DIAGNOSTICS: WHO PAYS 
FOR THEM?

A measure of the acceptance by public 
health agencies of molecular diagnostic 
tests is in their willingness to cover 
the costs of testing for patients within 
their insured populations. In the United 
States, the Centers for Medicare and 
Medicaid Services (CMS) have issued 
major coverage decisions over the 
past year. The evolution of the list of 
molecular diagnostic tests covered by CMS 
throughout the Palmetto GBA Region as 
of July 2018 is shown in Table 1 right(20). 
This list covers both approval documents 
for tests actually covered as well as 
documents summarizing criteria for 
coverage of molecular diagnostic tests:

The first Coverage Guidance for liquid 
biopsy test for patients with Stage IIIB/
IV non-small cell lung cancer accepted 
for reimbursement by Palmetto/CMS 
(Guardant360®) (21) has just been issued 
in July of 2018. The text of the Coverage 
Guidance for this product summarizes 
accurately the public health perspective 
about where liquid biopsies fit today within 
the standard of care of oncology patients:

At diagnosis – Untreated Patient

• When results for EGFR single 
nucleotide variants (SNVs) and 
insertions and deletions (indels); 
rearrangements in ALK and ROS1; and 
SNVs for BRAF are not available AND 
when tissue-based CGP is infeasible 
(i.e., quantity not sufficient for tissue-

based CGP or invasive biopsy is 
medically contraindicated),

OR

At progression - Treated Patient

• For patients progressing on or after 
chemotherapy or immunotherapy who 
have never been tested for EGFR SNVs 
and indels; rearrangements in ALK and 
ROS1; and SNVs for BRAFs, and for 
whom tissue-based CGP is infeasible (i.e., 
quantity not sufficient for tissue-based 
CGP from original biopsy);

OR

• For patients progressing on any tyrosine 
kinase inhibitors (TKIs). If no genetic 
alteration is detected by Guardant360, 
or if circulating tumor DNA (ctDNA) is 
insufficient/not detected, tissue-based 
genotyping should be considered.

The major limitations in this CMS Coverage 
Guidance circle back to the label for FDA-
approved product (15) for EGFR targeted 
therapeutic decision-making using cell-free 
DNA and qPCR. The limited sensitivity for 
detection of the specific analytes is shared 
by both products, and this is reflected in 
their limited recommended use.

THE PATH FROM ENRICHMENT 
BIOMARKERS TO COMPANION 
DIAGNOSTICS

Clinical study designs for therapeutic 
product approval in Precision Medicine 

NGS-based oncology panels. His previous 
work at Vertex Pharmaceuticals focused 
on regulatory submissions for therapeutic 
products, as well as diagnostics and 
biomarker development in rare diseases. 
Federico was previously Associate Director 
for Operations in Genomics, and Biomarker 
Qualification Coordinator in the Office 
of Clinical Pharmacology, FDA/CDER, 
working on the regulatory application and 
development of novel policies genomics and 
biomarkers at the FDA. His focus included 
the development of a novel biomarker 
qualification process (now the Biomarker 
Qualification Program) and the development 
of policies for companion diagnostics. 

make use of proposals for enrichment 
biomarkers (22) for patient selection to 
maximize therapeutic effects in the 
selected patient population. Patient 
selection biomarker proposals often start 
with a biological hypothesis linked to 
the targeted therapy. The major hurdle 
with these initial proposals is the limited 
number of patients available for validation 
of these biomarkers in preliminary (Phase 
2a) studies with a novel therapy. Standard 
statistical methods face challenges in 
ranking biomarkers tested in these 
preliminary studies because of the limited 
number of patients in these preliminary 
studies. This is one of the most difficult 
steps in the development of therapeutic 
products for Precision Medicine.

The KEM platform (23) at Ariana focuses 
on the ranking of biomarkers tested in 
preliminary studies. The platform does 
not focus on an orthodox statistical 
significance for specific biomarker 
results. Rather, this platform measures 
the link between observed therapeutic 
effects and different biomarkers included 
in a preliminary study. KEM ranks all 
biomarkers across all patients in a study 
and allows a quick assessment about the 
homogeneity of biomarker effects across 
small patient populations.

Once a companion diagnostic biomarker 
candidate is selected from this preliminary 
study, a Phase 2b study can be designed 
to assess therapeutic efficacy in the 
selected patient population. This study 
also serves to validate the test as a 
Companion Diagnostic. n

Before he joined the FDA, he was Senior Staff 
Scientist at Applied Biosystems, where he 
developed the first TaqMan and SYBR qPCR 
products. He transformed TaqMan reagents 
into toxicogenomic tests for nonclinical 
safety assessment as Lead for the Molecular 
Toxicology Group at the Schering-Plough 
Research Institute.
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Biochemistry and Biophysics from the 
University of California at Berkeley and 
his Ph.D. from Yale University in Molecular 
Biophysics and Biochemistry. He was a 
Postdoctoral Fellow at Cornell University 
and at Washington University in St. Louis.

Federico Goodsaid is a Regulatory Consultant 
at Opus Three. He worked as Senior Vice 
President of Clinical and Regulatory 
Affairs at TOMA Biosciences, where he led 
the preclinical and clinical development 
and regulatory affairs for the company’s 
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Oncotype DX Colon Cancer Assay Coding and Billing Guidelines (M0002, V15) 02/13/2018 

MammaPrint Billing and Coding Guidelines Update (M00029, V9) 01/04/2018 

AlloMap Coding and Billing Guidelines (M00016, V13) 12/27/2017 

FDA-Approved KRAS Tests (M00121, V8) 12/27/2017 
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BCR-ABL Coding and Billing Guidelines (M00044, V4) 10/16/2017 

Bladder Tumor Marker FISH Coding and Coding Guidelines (M00001, V7) 09/21/2017 

Microsatellite Instability-High (MSI-H) and Mismatch Repair Deficient (dMMR) Biomarker Coding and Billing Guidelines for Patients with Unresectable or 
Metastatic Solid Tumors (M00142, V2) 07/25/2017 

ResponseDX Tissue of Origin Coding and Billing Guidelines (M00034, V7) 07/18/2017 

Immunohistochemistry (IHC) Indications for Breast Pathology (M00094, V4) 07/05/2016 

MolDX: CYP Gene Evidence Analysis (M00125,V1) 10/16/2015 

Molecular Diagnostic Report 101 / 9



Circulating DNA has recently 
shown increasing promise in 
disease detection, treatment 

decision making, and in monitoring 
for progression and/or therapeutic 
resistance. Interest in the medical 
community has been particularly high in 
cancer, as recent advances have shown 
the utility of non-tissue based biopsies 
as viable alternatives, for example, in 
diagnosis and in monitoring for residual 
disease. Reports on the detection of 
circulating tumour DNA (ctDNA) have 
been mostly led by the application of 
various molecular testing methods, 
including NGS, ddPCR, and mass 
spectrometry, in cancer testing. 

Lung cancer is the leading cause of cancer 
deaths worldwide, with NSCLC being 
the most common form of the disease.1 
NSCLC is most frequently diagnosed 
during advanced stages, where 5-year 
survival rates are poor and prolongation 
of life, not cure, is the treatment goal.  
Optimizing management of patients 
with NSCLC requires prognostic and 
predictive molecular tests that provide 
accurate, actionable information with fast 
turn-around times. Blood and urine tests 
for ctDNA have demonstrated utility in 
patients diagnosed with non-small cell 
lung cancer (NSCLC). Here, tissue is often 
limited, fragile, or unobtainable. Guidelines 
increasingly suggest that molecular testing 
should be standard of care, deliver rapid 
results, and be considered for all stages 
of disease and histologies.2 However, the 
limitations of tissue testing make the goal 
of receiving these results for every patient 
in a timely manner hard to achieve. Reports 
have shown that nearly 80% of cancer 
patients do not have results available at 
initial oncology consultation, and that up 
to 25% of patients begin treatment prior to 
receiving their results.3

Blood-based liquid biopsy testing with 
fast turn-around times was created as a 
possible solution to current treatment 
challenges. When tumour cells die via 
apoptosis or necrosis, they shed DNA 
fragments into the bloodstream.4 Methods 
for measuring ctDNA, circulating tumour 
RNA (ctRNA), and circulating proteomic 
signatures from the blood are non-invasive 
and  provide diagnostic and independent 
prognostic information that can help drive 
therapeutic strategy, as well as facilitate 
patient-physician conversations about 
prognosis and care preferences.5,6,7,8

Liquid biopsy has quickly gained traction 
in clinical use as an alternative to more 
invasive tissue biopsy for patients with 
NSCLC due to the faster turn-around 
time and non-invasiveness of testing. For 
example, ctDNA is primarily being used in 
the field of oncology as a supplement to 
tissue testing when results for molecular 
variants are required. Blood-based testing 
is often used to accelerate physician 
treatment decisions or in the absence of 
a tissue result. The blood can be easily 
drawn, the plasma isolated, and the 
circulating cell-free DNA (cfDNA) extracted. 
The fraction of this DNA that is ctDNA 
can carry specific somatic mutant variant 
information that guides treatment. 

Several companies offer validated ctDNA 
tests as Laboratory Developed Tests (LDTs) 
or In vitro Diagnostics (IVDs). For example, 
EGFR mutations testing is offered as a send-
out test or as an FDA-approved kit to ensure 
results can be gathered for all patients, even 
those that are not healthy enough to endure 
a tissue biopsy. Although the time to result 
varies with the tests and technologies used, 
results have been delivered in as little as 
72 hours after receipt of the blood sample 
in the testing laboratory (e.g. ddPCR based 
tests such as the GeneStrat test). 

CIRCULATING DNA – UTILITY 
AND CHALLENGES IN NSCLC
Hestia Mellert PhD, Director, Development, Biodesix, Inc.
Gary Pestano PhD, Vice President of Development and Operations, 
Biodesix, Inc

Dr. Pestano leads the Development and 
Operations departments at Biodesix, a 
molecular diagnostics company. He is 
the New York State Clinical Laboratory 
Evaluation Program (CLEP) Laboratory 
Director in Boulder, CO of the company’s 
CLIA, CAP, CLEP, and ISO 13485 -certified 
laboratory. His experiences in high 
complexity molecular diagnostics tests 
includes molecular and proteomic 
testing. Prior to joining Biodesix, Dr. 
Pestano led multidisciplinary teams in the 
development of tissue diagnostic tests, 
cancer vaccines and scientific software. He 
has also fostered many collaborations in 
academia and industry as a part of new 
product development. Dr. Pestano received 
his Ph.D. in Cell and Molecular Biology 
from the City University of New York and 
conducted his post-doctoral training in 
cancer immunology at the Dana Farber 
Cancer Institute, Harvard Medical School.

Dr. Hestia Mellert is the Director of 
the Development group at Biodesix, 
Inc. With a doctorate in cancer biology, 
she leads teams in the development 
and commercialization of blood-based 
diagnostic tests approved by CAP, CLIA, 
ISO 13485 and NYS CLEP. Dr. Mellert has 
played a leading role in the enhancement 
of GeneStrat, including the launch of 
EML4-ALK, ROS1 and RET fusion tests. She 
continues to focus her efforts on bringing 
relevant and actionable information 
to physicians in the academic and 
community setting. Dr. Mellert received her 
Ph.D from the University of Pennsylvania 
and post-doctoral training at the University 
of Colorado where she was an American 
Cancer Society Post-doctoral Fellow.

10 / Molecular Diagnostic Report



Due to ease of sample acquisition and 
fast results, researchers continue to look 
at additional utility for liquid biopsy tests 
in cancer diagnostics. A recent publication 
cites several studies where measurement 
of circulating nucleic acids in plasma has 
shown utility in the  detection of NSCLC, 
as a surrogate for tumour burden and 
as a tool to monitor treatment response 
and disease progression.9,10 As of now, 
the development of blood-based tests for 
the earliest detection of cancer continues 
to be a goal of many companies within 
the diagnostic space, but a commercially 
available test has not yet been developed. 
The challenge of accurately diagnosing with 
very high sensitivity very early-stage cancer 
with blood is dictated by the quantity of 
circulating nucleic acid in circulation. There is 
some early evidence that combining testing 
modalities for circulating DNA and proteins 
may be key to the successful development of 
an early detection blood test.11 Additionally, 
a study presented at ASCO 2017  showed 
promising results for treatment monitoring 
in patients with metastatic NSCLC.12 In 
this study, the potential for clinical utility 
of monitoring cfDNA was demonstrated 
using progression free survival for patients 
that had responded to treatment with the 
EGFR T790M targeted therapy TAGRISSO. 
Continuing work on “plasma response” 
could, potentially, be used to predict therapy 
outcomes. Additional work is underway 
to understand the utility of liquid biopsy 
testing for monitoring treatment response 
or progression.

Apart from the technical challenges with test 
turn-around time, sensitivity and technology 
costs for acquisition and implementation, 

regulatory and reimbursement hurdles 
must also be overcome for molecular 
diagnostic tests to be globally accessible. 
Harmonization of regulatory standards 
and quality requirements for the tests is in 
the early stages of being addressed by test 
developers, laboratories, academics, and 
regulatory bodies.13 For example, testing 
for tumour mutation burden (TMB) is of 
emerging utility with immuno-therapeutics, 
however, there are currently no standards 
between assays. Additionally, there are 
no formal guidelines and standards for 
bioinformatics reporting. Specimens 
for establishing test analytic or clinical 
performance are in an evolving stage. 
Demonstration of clinical utility for any of 
the diagnostic indications will have to be 
dealt with on a test by test basis.

Separate but not disconnected from 
the demonstration of clinical utility with 
established standards, molecular diagnostic 
reimbursement continues to be a challenge 
for many companies in the liquid biopsy 
space. NGS and other high value diagnostic 
tests are especially affected by the lack 
of formalised reimbursement codes. 
This hurdle can be overcome with robust 
analytic and clinical validation studies. For 
example, the VeriStrat® test is currently 
reimbursed by Medicare and many private 
payers. The VeriStrat test measures a 
circulating proteomic signature, which 
identifies a chronic inflammatory disease 
state associated with aggressive cancer.14 
In order to demonstrate utility toward 
reimbursement, this test was evaluated 
in more than 70 peer-reviewed studies, 
including those to validate health economic 
value as well as clinical utility.15 In short, 

these studies showed VeriStrat results 
affected physician treatment choice and 
lowered overall costs for patients diagnosed 
with NSCLC.16

Clinical testing using blood has increased 
the utility of conducting accurate and 
rapid turn-around testing for molecular 
diagnostics. The non-invasiveness of 
performing a blood draw, the potentially 
quantitative nature of the molecular 
results, and the ability to assess molecular 
heterogeneity in the circulatory system 
have all added to the value of this 
emerging testing modality. In addition 
to these technical advantages, blood-
based testing also facilitates early 
treatment decisions, as well as opens 
up the potential for monitoring patients 
for prognosis as the disease progresses, 
or after treatment intervention. 
Reimbursement for these tests can be 
secured with robust clinical evidence and 
comprehensive data submissions that 
include cost savings benefit.

There is clearly a role today for liquid 
biopsies in lung cancer diagnostics: from 
initial diagnosis and disease and treatment 
prognostication, to disease and treatment 
monitoring. More cost-effective technology 
and reagents that can deliver accurate and 
rapid results from a simple blood draw 
could significantly help provide personalized 
medicine to more patients, and transform 
the way cancer is diagnosed worldwide. n
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THE BENEFITS AND APPLICATIONS OF LIQUID 
BIOPSIES BASED ON DROPLET DIGITAL™ PCR

ALREADY, ABOUT A HALF DOZEN 
MOLECULAR DIAGNOSTICS 
LABS, INCLUDING AT ACADEMIC 
CENTERS SUCH AS DANA 
FARBER CANCER INSTITUTE, MD 
ANDERSON CANCER CENTER, 
AND THE OLIVIA NEWTON-JOHN 
CANCER RESEARCH INSTITUTE, ARE 
OFFERING LIQUID BIOPSY TESTS 
BASED ON DDPCR TECHNOLOGY.”

Upon cell death, human cells shed 
their DNA into the blood stream. 
After discovering this free-floating 

DNA, dubbed circulating cell-free DNA 
(cfDNA), biologists realized that they can 
monitor genetic variations in these DNA 
fragments for signs of disease, like cancer, 
via a blood sample or ‘liquid biopsy.’

When tumor cells die, the DNA they shed 
into the blood harbors distinctive genetic 
variations that mark their cancerous origins. 
Doctors can recover this cfDNA in a liquid 
biopsy and analyze it to detect common 
cancer variations like single nucleotide 
mutations and amplifications (or deletions) 
of entire genes. Detecting these markers 
can help a doctor diagnose a patient. 

These DNA fragments, however, are small 
in number compared to the background of 
healthy cfDNA fragments in a patient. This 
presents a ‘needle in a haystack’ challenge 
in the analysis of solid tumor DNA from 
blood samples. The oldest liquid biopsy 
tests are based on quantitative PCR 
(qPCR). This method, however, can’t detect 
very low concentrations of tumor-derived 
cfDNAs in a blood sample.

Droplet Digital™  PCR (ddPCR™) technology 
adds a level of sensitivity and precision 
that is sorely needed for such cancer 
diagnostics. ddPCR subdivides a PCR 
reaction into 20,000 nanoliter-sized 
compartments, where the sample in each 
compartment is amplified separately. 
The compartments containing the target 
mutation generate a strong fluorescent 
signal, while the ‘negative’ compartments 
only emit a weak signal. ‘Positive’ 
compartments are counted using a 
fluorescence detector. By counting the 
number of compartments containing the 
target mutation, scientists can determine 
the concentration of the target sequence. 
This digitization of the sample enables 
pathologists to quantify mutation-specific 
cfDNA levels or copy number variations 
without using a standard curve. It can 
discriminate single-nucleotide mutations in 
cfDNA as well as in miRNAs and other types 
of RNA.

DDPCR IN THE CLINIC

Already, about a half dozen molecular 
diagnostics labs, including at academic 
centers such as Dana Farber Cancer 
Institute, MD Anderson Cancer Center, 
and the Olivia Newton-John Cancer 
Research Institute, are offering liquid 
biopsy tests based on ddPCR technology. 

Independent molecular testing labs, such 
as Biodesix, Inc., have adopted the test as 
well. Biodesix’s ddPCR-based test panel for 
non-small cell lung cancer mutations can 
yield results within two days of collecting 
blood samples from patients. Without 
this test, patients would normally have 
to wait two weeks (if the patient is newly 
diagnosed) to 4 weeks (if the patient has 
relapsed) to receive results from a tissue 
biopsy and subsequent next-generation 
sequencing (NGS). 

WHERE DDPCR IS MOST USEFUL

ddPCR is not effective for every 
application. If a researcher is searching 
for new biomarkers, he or she may wish 
to use a broader method such as NGS 
to profile a patient’s genome for genetic 
variations. But once the genetic makeup 
of the tumor is known, ddPCR offers 
advantages over NGS in cost and speed 
for applications such as monitoring 
disease progression and treatment 
response over time. n

All information refers to use of laboratory 
developed tests (LDTs).

The original article can be found on the 
Pathologist [https://thepathologist.com/
issues/1017/a-drop-in-the-ocean/].
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L
arge-scale DNA sequencing 
first became possible in 
1977, when Frederick Sanger 
and his team developed a 

novel chain-termination technique using 
tagged nucleotides that they called 
Sanger sequencing. The technique, which 
relied on adding labelled nucleotides to 
the end a DNA chain, was so successful 
that it formed the basis of DNA 
sequencing for the next thirty years. 

It was revolutionary because of its 
accuracy and the ‘shotgun’ approach 
that allowed for many sequences to be 
studied in parallel, reducing the time 
needed to sequence long regions of the 
genome. Subsequent iterations of this 
technique have improved on sequencing 
cost and speed, so much so that it is now 
possible to sequence whole genomes in 
hours instead of years. Collectively, these 
rapid, massively-parallel sequencing 
techniques have become known as next 
generation sequencing (NGS). 

There are three main approaches to NGS:

The quickest, cheapest, and easiest of 
these approaches are targeted gene 
panels (TGPs), sequence a small number 
of targeted loci without generating 
any excess information. The primary 
advantage of this narrow approach is that 
it minimises the need for complex data 
analysis once sequencing is completed, 
as only the genes of interest are being 
investigated. Because of this, results 
can be returned to clinicians in much 
less time and, potentially, the patient 
will receive a diagnosis and effective 
treatment as soon as possible. 

The limited scale of TGPs also significantly 
reduces the associated costs, a feature that 
is particularly favourable given the expense 
of broader NGS testing. This is because of 
reduced reagent quantities, significantly 
decreased computational demands, and 
shorter reaction and analysis times.

However, while the narrower scope 
of TGPs has several advantages, it is 
also responsible for one of the biggest 
limitations of the technique. In order for 

clinicians to select the correct gene panel, 
they need to have some indication of what 
condition their patient has beforehand; 
if they do not, then they are more likely 
to select a panel that examines unrelated 
genes and thus cannot provide them with 
a clear diagnosis. This means that while 
TGPs can be very effective for patients 
with well characterised or recognisable 
conditions, they have limited utility for 
patients with unknown or rare diseases. 

An alternative that provides clinicians 
with more information is whole exome 
sequencing (WES). The exome accounts 
for roughly 2% of a cell’s genetic 
material and so WES greatly expands on 
targeted gene panels while avoiding the 
introduction of the whole genome.

The increase in scope from TGPs 
means that, with WES, clinicians can 
generate much more diagnostically 
relevant information in a single test. 
Consequently, WES testing can be a much 
more effective approach for patients who 
do not have a suspected diagnosis and 
thus cannot easily be assigned a TGP. In 
most cases, WES would typically be used 
by patients whose condition does not 
have recognisable symptoms and is not 
indicated by family medical history. 

By increasing the test breadth, WES is 
more likely to generate relevant data 
than TGPs, but one of the downsides 
to this approach is the increased cost. 
The expense largely comes from greater 
reagent quantities and more costly 
equipment, but there are indirect effects 
too. For example, WES tests require a 
much greater time investment than TGPs, 
both to run the experiment and to analyse 
the generated data to obtain a diagnosis. 

The increased data load also drives up cost; 
despite only accounting for 2% of the total 
genome, a single annotated exome usually 
requires between 5Gb and 10Gb of storage. 
Alone, this is manageable; however, working 
with multiple exome sequences necessitates 
an extensive data storage system, as well 
as a powerful computing network to cope 
with the complex data analysis needed 
for diagnosis. Buying and maintaining this 

NEXT GENERATION SEQUENCING
equipment requires a significant financial 
investment that can be difficult for clinical 
laboratories. It is possible to reduce upfront 
costs by ‘renting’ compute cores and storage 
from a cloud provider, but this presents its 
own challenges. 

The broadest and most data-intensive 
diagnostic technique is whole genome 
sequencing (WGS), which involves 
investigating as much of the genetic 
material present as possible (while 
typically considered to sequence the 
whole genome, there are some regions 
that cannot easily be resolved, such as 
centromere and telomere sequences).

WGS produces the most data regarding a 
patient’s genome of any NGS technique. 
By investigating both the coding and non-
coding regions, clinicians can be certain 
that the test will identify the mutations 
relevant to their patient’s condition. 
Because of this breadth of scope, WGS 
has proven to be a successful and useful 
diagnostic tool when working with 
patients for whom there is no suspected 
diagnosis. In many of these cases, the 
patient is someone who is critically ill 
with a rare disease that is very poorly 
characterised and so cannot be identified 
from the symptoms being presented. 

As with WES, the most immediate 
problem of WGS is cost. While the 
price of sequencing has been gradually 
decreasing over time, NGS is still 
considerably more expensive than 
older diagnostic techniques. As a result, 
unless a patient is either very likely 
to benefit from sequencing or is in a 
critical condition without a diagnosis, the 
approach is rarely used at this time.

The expense is partially dependent on 
the high data storage and handling costs 
discussed previously, a problem that is 
exacerbated when dealing with whole 
genomes. Instead of 10Gb of data per 
patient, the typical raw output from 
WGS is in the region of 200Gb for each 
genome; combined with annotations and 
interpretation data, storing more than a 
handful of genomes requires a significant 
investment in hardware.
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Beyond cost and data handling, both WES 
and WGS have encountered problems 
relating to result interpretation. When using 
TGPs, it is unlikely that unexpected results 
will be identified, as the data arises from 
genomic loci that have been extensively 
studied in the past. In contrast, when a 
whole exome or genome is sequenced, a 
large quantity of superfluous data regarding 
genes that are poorly understood or which 
have no bearing on the patient’s health will 
be produced alongside the data of interest. 

In order to obtain a definitive diagnosis, 
bioinformaticians need to be able to 
sort through the generated data in an 
effective and rapid manner, and this can 
be a challenge. To begin with, analysing 
such large quantities of data is very 
computationally expensive and requires 
an extensive computer network to handle 
the workload. It can also be a lengthy 
process, which is a particular problem for 
patients in a critical condition. 

Beyond that, each patient will possess 
thousands of genetic variants, even if 
the reference genome consists of data 
from a close relative. These mutations 
are the result of natural variation within 
the population and the vast majority of 
them will be harmless. However, a small 
number of them may be relevant to the 
condition the patient is presenting, either 
as causative or contributing factors, and 
these need to be identified to obtain 
a diagnosis. Isolating the variants of 
interest is a significant hurdle for clinical 

NGS testing, in part because we still have 
little to no understanding of large regions 
of the human genome and so cannot 
identify the significance of a variant 
within those areas. There is now a range 
of analytical tools available to enable 
clinicians to rapidly analyse data and 
compare any identified variants to those 
in the literature, but these are still limited. 
As we learn more about the genome and 
how variants affect gene activity, it is 
hoped that we will be able to draw more 
information from NGS testing. 

NGS testing has tremendous potential 
within the field of molecular diagnostics, 
particularly for patients that have 
been unable to be diagnosed using 
more traditional techniques. These 
techniques have already seen some 
clinical success at select institutions, 
such as Great Ormond Street Hospital, 
Rady Children’s Institute for Genomic 
Medicine, and Cincinnati Children’s 
Hospital Medical Centre. Many other 
clinics and organisations are also in the 
process of establishing their own NGS 
testing facilities to enable the use of the 
techniques mentioned in this chapter. 
It is hoped that in the near future, our 
understanding of the genome and 
the cost of WGS will have improved 
sufficiently for sequencing to become a 
primary diagnostic tool. 

SECONDARY FINDINGS

When requesting WGS or WES tests, there 
is also an ethical component to consider, 
namely, how to deal with secondary 
findings. Secondary or incidental findings 
occur when a sequencing test uncovers a 
known variant that has been implicated 
in a disease that is not the one the patient 
is being tested for. For example, a patient 
with a non-cancerous condition may test 
positive for a BRCA1 mutation, which 
has been closely linked with breast and 
ovarian cancer, despite the mutation being 
unrelated to their current health concerns. 

The issue arises when deciding whether 
or not these secondary findings should 
be reported back to the patient. They 
do not constitute a diagnosis in and 
of themselves; instead, they indicate a 
patient’s risk of developing the disease in 
future. Patients who are found to possess 
these genetic variants may never develop 
the disease they have been linked to 
and as such, informing the patient about 

the risk may cause unnecessary worry 
or distress. There is also a possibility of 
the patient taking drastic preventative 
measures, such as a mastectomy in the 
case of breast cancer-linked genes, that 
are ultimately unnecessary and could 
cause more harm than good. 

Alternatively, however, if the patient is 
informed that they have a greater chance 
of developing a particular condition, they 
could make lifestyle changes that minimise 
their risk as much as possible. They are also 
more likely to recognise their symptoms 
if they do develop the condition in future 
and thus may be able to seek treatment 
during the earliest stages of the disease. 
Further, some researchers and clinicians 
have argued that, as the genetic material 
belongs to the patient, the data generated 
from it also does too. If this is the case, 
then they have a right to access it in full. 

At present, whether or not these results 
should be reported is determined by the 
laboratories performing the tests and, 
as a result, there is very little consistency 
across genomic test reporting. Despite 
the lack of official regulations, however, 
several organisations have published 
guidelines dictating when it is advisable 
to report secondary findings.

The most well-known and well-used of 
these guidelines were published by the 
American College of Medical Genetics 
and Genomics in 2013. The document 
lists 56 genes that are believed to be 
sufficiently clinically relevant to act as 
useful information for patients, such as 
BRCA1 and the VHL gene (associated 
with Von Hippel Lindau Syndrome).  The 
genes were chosen on the basis of strong 
evidence linking variants to disease and the 
likelihood of such a disease developing in 
the patient in question, ensuring that any 
secondary findings being reported were of 
value to the patient. 

A large number of clinical sequencing 
labs conform to the standards laid 
out within these guidelines. However, 
as they are not legally binding, there 
is no assurance that a lab will follow 
these standards, and so clinicians may 
need to adapt their diagnosis process 
to the particular laboratory they are 
working with. Until such a time as 
official regulations are put in place, the 
treatment of secondary findings will 
remain inconsistent. n

A LARGE NUMBER OF CLINICAL 
SEQUENCING LABS CONFORM TO 
THE STANDARDS LAID OUT WITHIN 
THESE GUIDELINES. HOWEVER, AS 
THEY ARE NOT LEGALLY BINDING, 
THERE IS NO ASSURANCE THAT 
A LAB WILL FOLLOW THESE 
STANDARDS, AND SO CLINICIANS 
MAY NEED TO ADAPT THEIR 
DIAGNOSIS PROCESS TO THE 
PARTICULAR LABORATORY THEY 
ARE WORKING WITH.”
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BRINGING GENETICS 
TO THE CLINIC: 

OPPORTUNITIES & 
CHALLENGES

INTERVIEW

The modern genetics laboratory has become a molecular 
factory, requiring the collaboration of engineers, 
programmers, bioinformaticians, laboratorians, medical 

geneticists, and genetic counselors. As both the scale and 
complexity of testing increase, data management and result 
reporting become more challenging, both for the laboratory and 
doctors whose patients must grapple with a wealth of information.

WHAT TO TEST?

With increasing genetic test options offered by laboratories comes the 
first challenge to the clinician: what to offer the patient? And that decision 
needs to be balanced with the concerns and demands of the patient 
who has access to a wealth of genetic information at their fingertips. The 
information directed at consumers by commercial genetic laboratories 
adds to the questions that the patient brings to the clinic.

How is the physician to decide what testing is needed? This will 
depend upon the indication, established clinical knowledge, and 
medical guideline recommendations. For example, a family history 
of cardiovascular disease may warrant testing for a panel of heart 
disease risk genes. 

Inherited cancer disease testing and carrier screening are 
representative of main street genetics. Determining whether a 
cancer patient harbors a mutation in a cancer-associated gene 
helps with disease treatment, prognosis, and disease recurrence 
estimation. Carrier screening is offered to future or expectant 
parents with a family history for a disease with known genetic 
etiology, and also to determine the risk to a pregnancy for the 
disease tested for. 

MANAGING DEMAND 

Cancer gene screening is also being offered to evaluate an 
asymptomatic individual’s risk for developing cancer, and carrier 
screening by definition is performed on disease free individuals. 
The desire to know if one is at risk for a serious disease, or is a 
carrier for a mutation that may put their child at risk, are powerful 
drivers for testing. Commercial testing services both enable and 
drive this demand, but the problem for both physician and patient 
is to determine how much and what testing is appropriate.

Next generation sequencing technology has enabled panels to 
become increasingly large as laboratory costs and processing 



THE RISE IN LABORATORY TEST 
SERVICES HAS BEEN MIRRORED 
BY THE DEMAND FOR GENETIC 
COUNSELING. AS LABORATORIES 
HAVE BEEN UNABLE TO MEET 
THAT DEMAND, TELE-COUNSELING 
SERVICES HAVE GROWN.”
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times have plummeted. It has now 
become feasible for laboratories 
to routinely perform whole exome 
sequencing, enabling the physician to 
custom order specific gene conditions.

With expanding commercial genetic 
services combined with patient requests 
for more information, how is a doctor to 
decide how much is enough when it comes 
to genetic testing? Medical guidelines 
are most useful for assessing which tests 
to perform for the best known disease 
genes that an individual may be at risk of 
harboring. A dilemma arises when research 
and technology outpace regulations, and 
testing laboratories offer larger panels. 
For example, carrier screening guidelines 
provide recommendations for the most 
common conditions such as cystic fibrosis, 
but do not address rarer conditions that 
are being added to increasingly larger 
commercial panels.

NOT ALL TESTS ARE EQUAL

One consequence of incomplete 
regulations for testing of some 
indications, such as pre-conceptual 
carrier screening, is that tests of the same 
name offered by different laboratories 
may differ in the genes tested for. Even 
if tests do cover the same genes, they 
may differ in what they screen for; a test 
can claim to be more comprehensive by 
testing for more deleterious variants in 
the genes associated with the conditions.

The lower the residual risk for an 
individual carrying a disease allele, the 
more powerful the test. The caveat is 
that the laboratory may have to establish 
a larger number of assays to accurately 
test for more variants. Next generation 
sequencing has become the main stay 
of many genetic laboratories, but it is 
limited in its ability to detect specific 
variants, such as large deletions. No 
technology is infallible to error, and 
the technical abilities of laboratories 
vary. Whether confirmatory testing 
is warranted is dependent upon the 
strength of a laboratory’s skill set and 
validation data. 

CHALLENGES FOR THE LABORATORY

Given the challenge of greater complex 
variant detection, coupled with high 
test volumes, operational challenges for 
the testing laboratory arise. The scale 
of sample micromanipulations calls for 
sophisticated automation, requiring 
the support of not only professional 
engineers, but also software personnel 
who program instruments and can build 
the lab information system to manage 
the reams of sample data. Analyzing 
results requires the unique skills of 
bioinformaticians.

Patient results need interpretation once 
generated, and takes more than simply 
base calling. Being able to correctly 
interpret the meaning of a variant from 
a clinical perspective is essential, and 
is a challenge if the laboratory reports 
novel variants. As the scale of patient 
testing increases, the cost associated with 
handling an individual sample becomes 
greater in terms of confirming a result, 
exploring rarer variants that may require 
additional testing, crafting a unique 
patient report, and delivering results.

INFORMATION MANAGEMENT

One challenge with large gene panel testing 
is that the patient report becomes more 
complex, with lengthy content more difficult 
to navigate and time consuming to interpret. 
This is where support by genetic counselors 
becomes invaluable. Pre- and post-test 
patient genetic counseling not only helps 
the patient, but also the physician in the test 
decision making process and determining 
what follow up action may be needed.

The rise in laboratory test services 
has been mirrored by the demand for 
genetic counseling. As laboratories have 
been unable to meet that demand, 
tele-counseling services have grown. In 
addition to supporting the interpretation 
of results, the patient and doctor’s office 
alike need guidance with respect to billing 
and insurance information. 

THE FUTURE

Challenges in implementing clinical genetic 
testing will only increase as advances 
in technological applications are made, 
making testing for an increasing number of 
indications more accessible and affordable 
for the general population. This will raise 
the need to strengthen partnerships 
between the testing laboratory, physician, 
genetic counselors, and patients. 
Regulatory standards and clinical guidelines 
will also need to keep pace with the need 
for guidance from the medical community. 
This will be on-going as advances are made 
in unraveling the genome, and new gene-
disease associations are made that lead to 
new test offerings. New questions will arise 
as new technologies enable new clinical 
discoveries, such as the use of cell free DNA 
analysis for cancer risk prediction. n
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T
wo of the largest barriers 
currently holding NGS back 
from being implemented 
more broadly into the clinic 

are the legal regulations, which are too old 
to account for more modern tests, and the 
reimbursement challenges that have 
arisen between payers, patients, and 
healthcare providers. This chapter will 
discuss how these challenges developed 
and how they might be resolved by 
researchers and clinicians looking to 
develop their own diagnostic tests. 

REGULATION

In the United States, any in vitro 
diagnostic devices (IVDs) brought to 
market are under the jurisdiction of the 
US Food and Drug Administration (FDA). 
Traditionally, the agency has evaluated 
new diagnostic tests using an analyte-
specific model that allows them to 
determine how safely and successfully 
a test can diagnose a condition by 
investigating a very small number of 
molecules. This is effective for older 
diagnostic tests with a small number of 
analytes to consider, such as assays for 
a particular disease-linked biomarker. 
However, when working with NGS tests 
that are capable of observing hundreds 
of thousands of genes, or analytes, with 

each test, it is much more difficult to 
quantify the tests’ value. 

As a result of this inability to efficiently 
evaluate new tests, as well as concerns 
regarding safety and utility, the FDA has not 
approved any whole genome sequencing 
tests for clinical use at the time of writing. 
However, there is another route to clinical 
use that is now being employed by a 
range of different diagnostic tools that 
rely on sequencing technology. While the 
FDA governs approvals of tests that are 
intended for sale, it is not responsible for 
laboratory developed tests (LDTs), also 
known as home-brew tests. These are 
diagnostic tools that were developed within 
a particular testing laboratory and which 
are not being used outside of that single 
lab, thus remaining the responsibility of the 
developers. 

In place of the FDA, these LDTs are 
restricted by the Clinical Laboratory 
Improvement Amendments of 1988 
(CLIA), which are governed by the Center 
for Medicare/Medicaid Services (CMS). 
CLIA regulations ensure that researchers 
working within the clinical space are 
held to a certain standard of safety, and 
laboratories hoping to develop tests for 
patients are legally required to obtain 
CLIA certification before doing so. In 
some states, LDTs are also overseen by 
further, specific regulations, but these are 
dependent on the location of the lab and 
are not consistent on a national level. 

As CLIA regulations were initially developed 
long before clinical NGS testing was possible, 
the system does not account for genomic 
tests as a speciality. Instead, they have 
been categorised more generally under 
high-complexity chemistry testing. Under 
this classification, NGS tests are evaluated 
for test quality, including the qualification 
of the technicians performing the tests, 
clinical validity, and safety. Establishing these 
standards presents its own problems, which 
will be discussed later, but the reduced focus 
on test analytes has enabled a range of NGS-
based tests to reach clinical use. 

These clinical applications are still limited 
in that each test can only be carried out at 
a single lab, but by categorising these tests 
as LDTs, several clinics supporting NGS 
testing are now in operation, including 
Cincinnati Children’s Hospital and Rady 
Children’s Institute for Genomic Medicine.

In contrast, IVDs within the European 
Union are currently regulated under the 
IVD Regulation 2017/746, which replaced 
the previous control, the IVD Directive 
98/79/EC, in May 2017. Any IVD products 
that are sold within EU countries are 
required to conform to the standards laid 
out by the new Regulation. 

Under the new rules, IVDs are 
categorised into four classes depending 
on their risk: A, B, C, and D, where Class A 
tests are considered to be the lowest risk 
and Class D are considered to present 
the greatest risk. As the safest possibility, 
Class A products are only subject to 
internal self-declare regulations by the 
manufacturer before they can be brought 
to market, but all other IVDs are required 
to undergo an external review process. 

To classify different IVDs into the four 
categories, each device is evaluated using 7 
rules that outline the features of each class. 
For example, the first rule states that any 
IVD designed to detect transmissible agents 

ONE OF THE BIGGEST CHALLENGES 
FOR CLINICAL NGS TESTING HAS 
BEEN COST. IN COMPARISON TO 
OLDER DIAGNOSTIC TECHNIQUES, 
SEQUENCING CAN BE AN 
EXPENSIVE UNDERTAKING, EVEN IF 
THE TESTS ARE LIMITED TO A SMALL 
NUMBER OF GENES AND NOT THE 
WHOLE GENOME.”

TRANSLATING NGS TESTING  
INTO CLINICAL PRACTICE
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that are life-threatening or occur in tissues 
intended for transplants or transfusions, 
or which determine the infectious load of a 
life-threatening disease are to be considered 
Class D. Once a new IVD has been classified 
according to these rules, it can then be put 
through the regulatory process assigned to 
that class. If it passes through the system 
successfully, it can then be brought to the 
market in all EU countries. 

The majority of regulatory systems 
currently in place around the world predate 
the massive expansion of NGS testing that 
has taken place over the last decade and, 
as a result, often do not account for the 
possibilities of this technology. However, as 
tests are improving and there is a greater 
demand within the clinic to be able to 
access them, government agencies are 
starting to develop new regulations to 
enable IVD development. It is hoped that, in 
time, a more universal standard system will 
be developed and implemented that allows 
for tests to be brought to the market while 
maintaining patient safety. 

Regulation is not the only issue facing 
new molecular diagnostic technologies, 
however. Many of the most recent 
tests, in particular NGS testing, are very 
expensive and so the matter of who will 
cover their cost has become a significant 
hurdle for test developers. 

REIMBURSEMENT

One of the biggest challenges for 
clinical NGS testing has been cost. 
In comparison to older diagnostic 
techniques, sequencing can be an 

expensive undertaking, even if the tests 
are limited to a small number of genes 
and not the whole genome. Moreover, 
the relative novelty of these tests has 
meant that it can be difficult to determine 
whether or not they are a worthwhile 
expense, something which becomes 
more apparent in regions where there is 
not a universal payer healthcare system. 
In the United States, for example, where 
the majority of patients rely on private 
health insurance from various different 
companies, each insurance provider will 
need to evaluate any new diagnostic 
techniques brought to the market. 

Traditionally, novel diagnostic tests have 
been approved by payers on the basis of 
three factors: analytical validity, clinical 
validity, and clinical utility. In the context 
of genomic testing, analytical validity 
is the ability of a test to accurately and 
reliably measure the genotype of interest; 
clinical validity refers to how effectively 
the genotype can be used to predict the 
phenotype; and clinical utility concerns 
the effect that the test has on net patient 
healthcare outcomes. 

By assessing these three factors, payers 
are able to determine which diagnostic 
tests provide the best value for money 
and therefore which should receive 
coverage. In the past, this approach 
has proven to be a highly effective way 
for payers to identify which tests will 
be most beneficial for their customers, 
without wasting resources on tools 
that are ineffective. Unfortunately, 
however, developers have found that 
many modern molecular diagnostic tools 

cannot easily be evaluated using these 
three categories, for a variety of reasons. 
As a result, confirming payer coverage 
of such tests has become a major hurdle 
when bringing them into the clinic. 

Some molecular diagnostic tools have 
been able to fulfil these requirements 
relatively easily, the most prominent of 
which is non-invasive prenatal testing 
(NIPT). Diagnostic tests that monitor 
pregnant women’s blood for material 
indicating foetal aneuploidy conditions, 
such as Down syndrome, are now 
widely reimbursed by private payers. 
This is largely because of the ease of 
demonstrating clinical utility; physicians 
and researchers have been able to 
prove the benefit to patients quickly and 
clearly through improved infant health 
and treatments. 

In contrast, however, it has been much 
more difficult to prove the value of tests 
such as whole genome or whole exome 
sequencing. While NIPT can clearly 
demonstrate quantifiable benefits in the 
short term, the advantages of generating 
a patient’s genomic sequence are much 
less easily evaluated. For instance, if a 
patient receives WGS and learns that they 
have an increased risk of a particular 
condition, they may then choose to make 
lifestyle changes that minimise that risk. 
As the genetic testing only presented the 
potential for the patient developing that 
condition, it is impossible to accurately 
quantify if the test affected their health 
overall. Because of this, demonstrating 
clinical utility is a major issue for 
developers and thus convincing payers to 
provide coverage can be very difficult. 

In the United States, there is not currently 
a regulatory body that can oversee 
experiments demonstrating clinical utility; 
instead, it is up to the discretion of the 
payers themselves to determine whether 
or not novel tests meet their standards. To 
do so, they rely on a range of public and 
private external sources to provide insights, 
such as Hayes and EGAPP. For larger 
payer organisations, it is possible that they 
will establish internal teams to evaluate 
clinical utility, such as the Technology 
Evaluation Center (TEC) run by the Blue 
Shield Blue Cross Association. Because of 
these inconsistencies within how payers 
evaluate utility, it has become very difficult 
for developers to know how to best 
demonstrate their tests’ advantages. 
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Analytical validity and clinical validity are 
another issue to consider when dealing 
with molecular diagnostics. For these tests, 
analytical validity typically ensures that 
the test is able to accurately determine 
the correct genetic sequence, something 
which is difficult to confirm across such 
large quantities of data. The Association for 
Molecular Pathology has previously stated 
that genomic diagnostic tests are advancing 
too rapidly for traditional methods that 
establish analytical validity; instead, it may 
be necessary to develop new methodology 
that can account for the intricacies of NGS. 

Several years ago, the College of American 
Pathologists attempted to resolve this 
issue by developing a series of laboratory 
standards for analytical validity, which 
could then be incorporated into their 
Laboratory Accreditation Program 
(LAP). The standards were subsequently 
approved and adopted by CMS in July 2012, 
indicating that they may be a solution to 
the problem. However, while the standards 
have proven useful as guidelines, they were 
designed for molecular diagnostics as a 
whole and not NGS in particular, meaning 
that they may not adequately address all 
the challenges associated with sequencing.  

In contrast, establishing the clinical 
validity of NGS tests is something that has 
gradually been improving as we learn more 
about the genome. Certain diagnostic 
tests, particularly those intended to identify 
Mendelian disorders that are the result of 
a single genetic variant, have proven very 
successful at demonstrating clinical validity. 
This is because it can been shown very 
clearly how the genotype can influence 
the phenotype; if a harmful mutation is 
identified in the target gene, then the 
patient has the condition, whereas if there 
is no mutation, then the patient will not. 

Clinical validity becomes more complex 
when considering conditions that rely 
on a greater number of genes. Complex 
diseases, which are the result of mutations 
in many different genes that cumulatively 
cause illness, can be difficult to accurately 
predict from a genomic sequence, 
because only some of the disease-linked 
variants may be present. When this is the 
case, developers have struggled to clearly 
demonstrate clinical validity and, as a 
result, are less likely to receive coverage. 

This problem is gradually becoming less 
of an issue for researchers developing 

molecular diagnostic tools, largely 
because our understanding of the 
genome is continually increasing. As we 
build a stronger idea of how different 
genes can interact with each other, it 
may become easier to demonstrate the 
clinical validity of tests that indicate more 
complex diseases. However, for now, it 
remains a major issue for researchers. 

Many of the problems discussed here 
arise as a result of a reimbursement 
system that was designed long before 
NGS or molecular diagnostics were 
available for clinical testing. Because 
the system was not built with modern 
techniques in mind, it can be very difficult 
for researchers and payers to resolve 
traditional quantifiable values with less 
focused and specific testing. However, 
over the last few years many different 
researchers have published reports 
suggesting how the reimbursement 
pathway could be adapted to enable the 
use of NGS techniques in the clinic. 

For example, a paper published by P. 
A. Deverka, et al. in 2014 proposed a 
multi-faceted approach that may be able 
to tackle these problems. Firstly, they 
advised that researchers developing novel 
diagnostic tools should invest in robust 
validation studies and share reports of 
these studies with the payers directly. 
In so doing, the test developers would 
be able to educate payers how they can 
evaluate clinical and analytical validity.

With regards to clinical utility, the paper 
suggests that a prioritisation system is 
introduced to support tests that have 
already established clinical and analytical 
validity, demonstrated some clinical utility, 
and which can feasibly be studied in 
further utility evaluations. They also note 
that, wherever possible, utility studies 
should make use of the existing evidentiary 
frameworks used by payers. If developers 
are able to do so, it means that payers do 
not have to adapt to a new framework 
altogether before considering the diagnostic 
test itself, and thus the reimbursement 
process can be more streamlined.

Finally, the paper advises the need for 
gradual changes to the evidence review 
process so that it might be expanded to 
account for the range of benefits possible 
with NGS, including health implications 
for family members and improved 
disease understanding. 

The paper is but one example of ways 
in which the reimbursement process for 
modern molecular diagnostics could be 
improved to promote coverage of new 
tests. In many cases, the authors warn 
that while changes to the system are 
necessary, they should be proposed as 
small, incremental improvements instead 
of sweeping reformations. If sudden, 
dramatic changes are made to the system, 
it is more likely that payers will be less 
willing to adapt to the new framework and 
thus the improvements will be wasted. n

“CERTAIN DIAGNOSTIC TESTS, PARTICULARLY THOSE INTENDED 
TO IDENTIFY MENDELIAN DISORDERS THAT ARE THE RESULT OF 

A SINGLE GENETIC VARIANT, HAVE PROVEN VERY SUCCESSFUL AT 
DEMONSTRATING CLINICAL VALIDITY.“
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Because molecular testing is relatively expensive compared 
to other laboratory testing, such as clinical chemistry 
or immunology testing, the topic of demonstrating the 

usefulness of testing is being discussed. Such clinical utility studies 
are requested by payers to show that molecular testing improves 
outcomes. The gold standard, initially designed for drug therapies 
but now applied to molecular diagnostics, is a randomized case/
control study. An example of a case/control study adapted for 
molecular testing is showing that a tumour’s molecular profile can 
direct therapy, which in turn, leads to longer disease-free survival 
or other measurable outcome in patients when compared to 
patients receiving treatment without molecular profiling. 

Given the rarity of some of the relevant variants, identifying 
enough cases with the molecular signature is often challenging, 
requiring years to reach desired study endpoints. Also, study 
designs may be for only one tumour type or grade, and may not 
evaluate all patients that may benefit from a given treatment, 
such as having the same or similar molecular profile in a colon 
cancer vs a gastric cancer, or a grade 2 vs a grade 4 tumour. These 
challenges create ethical concerns in withholding treatment from 
patients that don’t fit the study population.  

For inherited diseases, as well as some cancers, molecular 
testing is used to establish an accurate diagnosis, which 
is essential in deciding the patient’s management and, 
potentially, drug selection or therapy. For many rare inherited 
diseases, management may be radiological surveillance, 
lifestyle changes, diet, surgery, or, in cases of lethal diseases, 
the decision not to continue medical intervention. The 
difficulty in randomised case/control studies being applied 
to diagnostic testing is questioning whether a diagnosis 
itself (rather than a treatment) improves health outcomes. 
The clinical utility of molecular testing for inherited diseases 

reaches beyond the patient to family members. Even if 
the diagnosis can be made based solely on the patient’s 
symptoms, only molecular testing can determine the 
pathogenic variant(s) underlying the disease. Once the 
molecular cause of a disease in a family is known, other family 
members can be tested to identify those at risk for disease and 
detect early symptoms, or carriers at risk for having affected 
children. Molecular test results are also used for reproductive 
decisions, and options for prenatal (foetal) or pre-implantation 
(in vitro fertilisation and molecular testing to implant only 
unaffected embryos) genetic testing.   

To provide an example, ultrasound may detect delayed bone 
growth in a foetus, but clinicians may not be able to ascertain 
whether this is a severe or lethal condition. Testing genes 
associated with conditions involving overlapping features may 
give a diagnosis, which in turn gives a predicted disease course, 
possible medical intervention before, at, or after birth, the 
likelihood of future children having the same condition, and 
options to test future children or other at-risk family members 
by a specific molecular test for the known familial variant. If the 
causative variant is de novo (a new mutation in the child that is 
not in either parent), the risk for future children to be affected 
is low. If the affected child is not tested, the question will 
remain whether his/her condition was due to a de novo variant 
(and therefore has a low recurrence risk), or whether the test 
did not identify the familial variant. If the disease was caused 
by variants in unknown or untested genes, the risk for future 
affected children would be unknown.  

Health economics modelling can be used to predict cost 
effectiveness of testing. But, a true randomized case/control 
studies incorporating all useful aspects of molecular diagnostic 
testing is difficult to design – and even more difficult to carry out. n
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