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Interrogating the tumor genome in its entirety by whole-genome sequencing (WGS) offers an unprecedented
insight into the biology and pathogenesis of cancer, with potential impact on diagnostics, prognostication and
therapy selection. WGS is able to detect sequence as well as structural variants and thereby combines central
domains of cytogenetics and molecular genetics. Given the potential of WGS in directing targeted therapeutics
and clinical decision-making, we envision a gradual transition of the method from research to clinical routine.
This review is one out of three within this issue aimed at facilitating this effort, by discussing in-depth analytical
validation, clinical interpretation and clinical utility of WGS. The review highlights the requirements for
implementing, validating and maintaining a clinical WGS pipeline to obtain high-quality patient-specific data in
accordance with the local regulatory landscape. Every step of the WGS pipeline, which includes DNA extraction,
library preparation, sequencing, bioinformatics analysis, and data storage, is considered with respect to its lo-
gistics, necessities, potential pitfalls, and the required quality management. WGS is likely to drive clinical di-
agnostics and patient care forward, if requirements and challenges of the technique are recognized and met.

1. Introduction allows the sequencing of entire genomes. Research efforts have illus-

trated the value of whole-genome sequencing (WGS) [1-11] and its

Within a decade, next-generation sequencing (NGS) has fundamen-
tally changed the field of oncology, from bench to bedside. Targeted
sequencing approaches, i.e., mutation analysis of selected cancer-
associated genes, represent the current gold standard in clinical
oncology. However, given continuous improvements in NGS
throughput, the potential of NGS exceeds targeted approaches and
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gradual transition into clinical routine will benefit individual patients as
well as our understanding of cancer pathogenesis and biology. Due to
the complexity of the method and data collected, the implementation,
validation, and quality management of the WGS workflow as well as
bioinformatics analysis and data storage are challenging. This review
aims to identify the analytical demands and to aid the reader in
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addressing them successfully.
2. Sample availability and material selection

Although single gene testing for single nucleotide variants (SNVs)
and insertions and deletions (indels) uses only a few nanograms of DNA
input material, current conventional multimodality testing that
sequentially tests for an ever-increasing number of single gene abnor-
malities can rapidly exhaust the low amount of material available from
tumor specimens [12]. WGS uses between 50 ng and 1 pg of high-quality
DNA (A260/A280: 1.7-2.0) for PCR-amplified or non-amplified libraries
and allows interrogation of all different variant types in a single test, as
well as future re-analysis and validation of additional test readouts.
Here, PCR-free libraries are preferable to avoid amplification bias such
as skewed coverage for first exons and GC-rich regions. Stringent quality
controls (QCs) have to be applied for DNA concentration, purity,
integrity, and fragmentation to produce reliable WGS results (Table 1).

Depending on the sample extraction procedure and tumor type,
different materials can be available. However, the most common sample
types are formalin-fixed paraffin-embedded (FFPE) and fresh frozen (FF)
tissues as well as peripheral blood or bone marrow aspirates. When a
biopsy is taken from a patient, the pathologist archives some material as
FFPE tissue which can be used for additional analysis at a later time
point or for re-analysis. However, FFPE does not represent an ideal
source material, as nucleic acids extracted from such samples are frag-
mented and chemically modified due to age, fixation conditions, and

Seminars in Cancer Biology 84 (2022) 16-22

DNA-protein crosslinking resulting in low quality sample libraries which
in turn heavily impact downstream analyses. A significant proportion of
called variants in FFPE samples are T>C/G>A, which have been re-
ported as artefacts [13]. Formalin fixation is detrimental to the inter-
pretation of SNVs/indels in low complexity regions and prohibits the
analysis of copy-number alterations.

Detailed comparison between nucleic acid extraction from frozen
and FFPE specimens, library preparation, and high-throughput
sequencing including assay validation has been previously described
showing that formalin-induced DNA artefacts make WGS interpretation
difficult [14-16]. With respect to the obtained sequencing data, com-
parisons between FF and FFPE specimens have shown that FFPE samples
can be interrogated using targeted sequencing including whole-exome
approaches [17-23]. A concordance of 70 %-80 % for variants
following pairwise analysis of FF and FFPE tissue-derived WES data has
been observed, if samples were stored for a maximum of three years
[17].

A variety of approaches aim to reduce FFPE-sequencing artefacts.
Experimental efforts to this end include improved deparaffinization,
repair strategies, and optimized DNA extraction protocols using mag-
netic bead technology. In order to level the typically low DNA quality,
DNA quantity and integrity (= percentage of unfragmented DNA) have
to be accurately measured. For a successful library preparation and to
prevent excessive loss of material due to size selection steps in the
following library preparation, half of the fragments should have a length
>120 bp, and one fifth should be >300 bp (e.g. indicated by KAPA Hg

Table 1
Overview of analytical validation. The different steps of test design and quality management, the respective quality assessment and challenges are listed.
Description Quality assessment Comments Challenges
Test design
Sample material FFPE, FF, Blood, Bone marrow - Tumor burden - FF provides better quality - Identification and elimination of

Extracted DNA yield
Purity (A260/A280)
Fragmentation

FFPE material should be avoided

material-specific artefacts
Sample availability

Normal control

Solid tumors: normal tissue, blood;

Extracted DNA yield

sample leukemias: buccal swabs/saliva, - Purity (A260/A280)
sorted T-cells - Fragmentation
Library PCR, PCR-free
Library preparation =~ Automation, manual - Library yield
- Fragment length
- Homogeneity/uniformity
- Reference sample/internal
control
Sequencing Short read, Long read - Error rate
technology - Q30 values
- Cluster PF
- Base composition
Coverage Low coverage, 30X, >60X
Bioinformatics Variant calling pipelines - Demultiplexing efficacy
analysis - % aligned
- Sequencing depth
- Uniformity of coverage
Bioinformatics pipeline validation/ maintenance - Electronic reference data file
infrastructure - Software environments:
development, testing,
production
Cost Flexible, fix

Turn-around time
(TAT)

Quality
management

Regularly reviewed
as LDT

10-14 days

Internal audit, external audit

Regular review

Test design

Staff training

Equipment maintenance
Standard operating
procedure (SOP)
Documentation of controls

Necessary to reduce false positive
results and to simplify variant
interpretation

PCR Amplification allows low input
Automation significantly reduces
human bias and increases the
homogeneity of results

Strict QC is mandatory

Short reads are cheaper and more
accurate but do show limitations to
resolve complex loci

Sensitivity is mainly influenced by
sequencing depth

QC at every step is mandatory to
provide high quality data for
downstream analyses

Pipelines should constantly be
monitored, maintained, and updated if
necessary

Depend on many factors and should
include all steps of the workflow
Sequencing coverage largely
influences costs

TATs are too long for urgent diagnoses

In the US regulated and monitored by
CLIA

In the EU regulated and monitored by
the individual countries

Risk of contaminated material for
leukemias

Additional sequencing costs

PCR artefacts by amplification

- Fast and accurate sample processing
- Workflow standardization and
reproducibility of results

in silico correction of the introduced
errors by long read sequencing

Detection of subclonal events

- Uniformity of coverage provides a
great challenge for reliable variant
calling

Keeping pipelines up-to-date
Data storage
Processing time

Limiting the costs by simultaneously
providing high quality results

Reduce sequencing and data analysis
time

Find a secure and viable regulation
for data storage, accessibility, and
data sharing
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DNA QC Kit, Roche Sequencing Systems). For highly degraded DNA
samples the DNA input and/or PCR cycles should be increased (DNA
input >300 ng, +2 PCR cycles) for the library preparation.

Still, the genomic analysis is more challenging than for non-FFPE
derived DNA and requires additional bioinformatic solutions and
filtering steps, which may come with a sensitivity and specificity
reduction. In addition, FFPE samples are not ideally suited for more
complex analysis like fusion transcript, structural variants, loss of het-
erozygosity analysis, and mutational signature. For high-quality
comprehensive characterization, FF tissue is strongly preferred as the
input material. Large-scale programs only use FF material as input for
WGS [14,24].

For solid tumors, the reliable usability of the available sample ma-
terial is a crucial prerequisite for clinical implementation of WGS;
further optimization efforts are therefore needed. Furthermore, a recent
study recommends morphological correlations to address pre-malignant
lesions and uncertainty of tumor heterogeneity to reduce errors in tissue
sampling and maximize data acquisition [8]. In leukemia diagnostics,
sample availability is less of an issue, as peripheral blood and bone
marrow are the sample specimens of choice and easily collectable. All
the difficulties mentioned above are negligible here, as both the amount
of material and the further processing in DNA and RNA are no obstacle
and of good quality for downstream analysis like WGS.

3. Sequencing of matched normal samples

For all types of broader gene testing, sequencing matched tumor and
normal samples is strongly advised, and perhaps even essential, to
optimally differentiate between somatically acquired and tumor vari-
ants that are also present in the patient germline. Compared with an
assembled consensus reference genome, a typical human genome con-
tains several millions of variants. The contribution of cancer-specific
variants is only thousands to hundreds of thousands, depending on
tumor type. Incomplete filtering of germline variants, even when this
process is >99 % accurate, may result in tens of thousands of false
positives, strongly obscuring analysis results or resulting in excessive
down-stream interpretation and curation efforts before reporting.

There has been a long-standing discussion regarding the most
optimal tissue to use as germline DNA for matched normal sequencing.
It’s particularly challenging for hematological malignancies due to the
high risk of contamination, as leukemic cells may be present in most
tissue types. Various solutions have been proposed as sources, including
buccal swabs/saliva, nails, hair follicles, fibroblast culturing or direct
DNA preparation of skin biopsies, and cell-sorting of peripheral blood T-
cells, all of which are associated with specific advantages and shortfalls.
Since buccal swaps are easily obtained from the patient, this material is
often used as a germline control. However, buccal swaps can be
contaminated with blood cells, increasing the risk that relevant somatic
mutations might be missed. These false negatives can be prevented by
evaluation and comparison of the control’s complete mutational profile.
Sorted T-cells, on the other hand, are usually very pure, but are only
useful as a germline control for myeloid diseases. For solid tumors,
tumor cell contamination of the germline sample is usually not an issue
and therefore DNA from as less as 200 pL of peripheral blood for
example can be used as germline control (Table 1).

Finally, while evaluated WGS data and accompanied statistics are
still rare [14,25,26], great efforts are underway to establish tumor-only
pipelines, both by the sequencing providing industry and research
groups. Such pipelines rely on sophisticated error models and filter
strategies and could eliminate the need for germline controls.

4. Library preparation, automation, and reproducibility
NGS is a complex process and one of its key requirements is the li-

brary preparation, the quality of which heavily influences the outcome
of the sequencing process and usability of the resulting data. NGS
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technology has been on the market for more than a decade and most
molecular diagnostic laboratories already handle library preparation of
at least smaller gene panels. However, sampling and library preparation
requires a controlled environment and a high level of standardization is
necessary to reduce manual bias and increase homogeneity, reproduc-
ibility, and efficacy. A key feature of a reliable workflow is integration of
quality controls at various steps to monitor sample parameters during
the sample preparation to obtain reliable results and increase repro-
ducibility. Therefore, the library yield, the fragment length of the li-
brary, the fragment length homogeneity and uniformity are assessed. In
2015 the first reference sample of DNA, the “genome in a bottle” was
released, one of the most studied and characterized human sample for
single-nucleotide polymorphisms (SNPs) [27]. The periodical prepara-
tion of a reference sample (positive control) might be cost intensive, thus
other internal controls like the error rate within the highly conserved
mitochondrial DNA within a clinical sample are discussed (Table 1). In
addition, the set-up of an international External quality assessment
(EQA) scheme (an inter-laboratory reproducibility RING-study) is
essential to reliably assess the quality of clinical grade WGS and meet
ISO standardization.

Automation of a WGS workflow results in more homogenous library
concentrations that evenly represent and cover the entire human
genome [28]. Various library kits for different platforms are available
that are optimized for automation in terms of liquid handling and re-
agent consumption. The automated systems are sufficiently flexible to
adapt to evolving needs (e.g., changes in material), method optimiza-
tions, and combination of methods. Automated systems support reagent
lot tracking and batch management by automated barcode verifications
and logging. The process also guarantees the correct usage of the re-
agents at the different steps. A key step of WGS library preparations is
the addition of unique index sequences (i.e., indexing) per sample that
allow multiple libraries to be pooled and sequenced together, with
automation ensuring correct index assignment.

Automated workflows and analysis pipelines have to be imple-
mented, tested, and validated to ensure high sensitivity and specificity.
Those systems have to be maintained continuously to suitably adapt to
necessary optimizations or modifications. Despite the advantages of
automation some challenges remain. Due to comparatively high dead
volumes and pipetting losses, reagent consumption and accompanied
material costs exceed the manual procedure, pipetting volumes are
rather small especially for critical enzymatic steps, and the automation
system sometimes reaches its limits in these processes.

5. Sequencing technologies

The development of NGS technology has revolutionized our ability to
reveal the genomic changes in cancer at unprecedented speed [29].
Large sequencing platforms such as Illumina’s HiSeq and NovaSeq series
are recommended for up to 250 bp paired-end reads with comparably
high sequencing depth. This technology is based on short-read
sequencing, hence, significant technical challenges remain, in partic-
ular with analysis of loci such as the immunoglobulin or HLA loci that
only poorly align to the reference genome and some complex karyotypic
aberrations [30,31]. Single molecule sequencing, also called third gen-
eration sequencing and currently offered commercially by Pacific
BioScience and Oxford Nanopore Technology, permits sequencing of
non-amplified native DNA of exceptionally long linear read lengths
(1-100 kbp) and fast sequencing times (2-10 h), although requirement
for amounts and quality of input material may be prohibitive for specific
samples obtained in routine diagnostics. Both technologies have higher
(3 %-15 %) and different error rates (mostly indels) than short-read NGS
platforms (0.1 %-2.6 % for Illumina instruments) [32]; however, as
these errors are relatively random due to the nature of single-molecule
sequencing, accurate consensus reads can be achieved bio-
informatically provided there is sufficient sequencing depth. At present,
long-read sequencing is considerably more expensive than short-read
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sequencing; this combined with the high error rates for some variant
types means it is currently positioned more as a potentially comple-
mentary than alternative approach.

6. Depth-of-coverage and tumor content

Depth-of-coverage and tumor content directly impact the ability to
call subclonal variants from WGS data. However, there is a lack of
standardization of these parameters. For depth-of-coverage, the first
large-scale cancer WES projects, including the International Cancer
Genome Consortium (ICGC) [33], used a minimum average coverage of
30X for both tumor and normal samples. However, since then it has been
shown that low tumor cell content and purity reduce the sensitivity of
calling clonal and subclonal somatic variants [34]. In general, with 10
variant supporting reads and a coverage of 100X, a detection limit of 10
% variant allele frequency (VAF) and therefore 20 % tumor cell content
is achieved in best case, which is why in targeted sequencing assays the
chosen coverage often exceeds 1000X to reach the technical NGS
sensitivity limit of 1 % [35-38].

For WGS, the current view is that the tumor sample should be
sequenced to an average depth of >90-100X, while the germline sample
is sequenced to >30X; there are ongoing discussions around whether the
germline sample should be sequenced at a higher depth as well. Higher
coverage in the tumor than in the matched normal requires additional
filtering steps like filtering against normal controls to remove artifacts or
heterozygous germline variants that are not covered by any sequencing
read in the control sample due to stochastic effects from the somatic
variant calls [34]. In cases with low tumor purity, it is also possible to
increase the sequencing depth of WGS, but this will unavoidably in-
crease the sequencing cost. Alternatively, the sensitivity of detection of
known oncogenic hotspot mutations can be increased by fine-tuning the
bioinformatics analysis for such known cancer-related positions as
routine somatic variant caller balance between specificity and sensi-
tivity at a genome-wide level.

For tumor content, ICGC required a tumor cell content defined by
histopathological examination of at least 60 %; Genomics England
allowed 40 %. However, the tumor content determined from histological
analysis is often inconsistent and considerably higher than the tumor
content determined from sequencing analysis. To date, different large-
scale genome studies vary in their requirements for tumor content and
coverage (Table 2).

In a clinical setting where tumors with low purity may be examined
and even subclonal events need to be detected or ruled out, higher
coverage such as >150X per base for the haploid tumor genome may be
needed. In practice, macro/micro dissection of solid tumor or cell

Table 2
Depth of coverage, tumor content, and turn-around times for large-scale WGS
cancer projects.

Genomics England ~ Hartwig Medical MLL 5000
100 000 genomes Foundation, Hartwig genome
project Medical Database project
No. of genomes 100 000" To date ~ 5200 5000
Samples Rare diseases and Metastatic tumors Leukemia &
analyzed tumors Lymphoma
Tumor content 40 % 20 % 20 %
(minimum)
Average 80X 90X 100X
coverage
Turnaround 21 days 9-16 days 8—9 days
time

# 50 000 genomes from 25 000 cancer patients, with two genomes per patient
(tumor vs. matched normal), and 50 000 genomes from ~17 000 rare disease
patients and their relatives (patient plus two blood relatives). Accessed via: https
://www.genomicsengland.co.uk/about-genomics-england/the-100000-genom
es-project/, accessed on April 24th 2020.
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sorting by flow cytometry/magnetic beads for hematological malig-
nancies before library preparation and sequencing therefore has to be
implemented although this further increases costs and turnaround times.
A higher sequencing depth and the use of modified bioinformatics
methods to detect variants with low mutant allele frequency can
compensate for low tumor content, but the challenge of discriminating
false-positive variants becomes an issue.

Taking into account all these considerations and as described pre-
viously [39], we recommend a minimum of 80-90X mean coverage for
the tumor and 30X mean coverage for the matched normal specimen.

7. Bioinformatic analysis

In a clinical (hospital) setting, the ICT infrastructure and bioinfor-
matics skill/availability are too often insufficient. A bioinformatics
analysis comprises the different data processing steps from the raw
sequencing reads (FASTQ files) to the variant report files (annotated
VCF files) generated for clinical interpretation.

No single algorithm or software program is sufficient to perform all
the different steps of the workflow and, hence, a linear combination of
informatics tools is needed for comprehensive data analysis (i.e., bio-
informatics pipeline). Here, the reads are aligned to the reference
genome (excluding reads with low quality scores), sorted, and, following
further quality assessment (i.e. % Aligned reads, insert sizes, uniformity
of coverage), PCR duplicates are marked or removed before variants are
called (Table 1). In addition to SNVs and indels, WGS data also allows
the calling of copy number variations, structural variants, microsatellite
(in)stability, tumor mutational burden, and other mutational signature
(detailed in the Clinical Interpretation paper). However, variant calling
algorithms are only optimized to call one type of variant with suffi-
ciently high sensitivity and specificity. So far, no gold standard pipeline
exists that is ready-to-use for clinical genomics workflows.

Before and after processing the data, stringent QCs have to be applied
to guarantee high-quality accurate results. QC metrics should include as
a minimum constant signal intensity, quality scores for base calling and
alignment, and the depth and uniformity of coverage for the whole
genome. There are many regions in the genome that cannot always be
accurately determined by current analysis tools, including regions of
high homology for which reads cannot be uniquely mapped, regions
where the reference genome contains errors, regions with multiple
reference haplotypes, and tandem repeats that extend beyond the
sequenced read length. Those problematic regions have to be considered
carefully, especially if they overlap with clinically relevant areas, which
could lead to false-negative results. Testing and validation of clinical
analysis pipelines is non-negotiable to ensure accurate and reproducible
results. During the implementation and validation of the pipeline the
laboratories should account for systematic errors of the sequencing
platform, the aligner, and the variant callers. For pipeline validation, a
set of characterized sequence variations, including disease-associated
sequence variations, is needed to evaluate the pipelines capability to
reliably call those variants without generating false-positive results.
Furthermore, the “genome in a bottle® reference set of variant calls might
work as control for SNP calling [27]. It is desirable to establish an
electronic reference data file collection as a gold standard for
re-evaluations. The pipeline has to be maintained continuously to ac-
count for periodical updates of the reference genome, the aligner, and
the variant callers. This usually requires several software environments,
e.g., one for development and testing and one for production. Each
software change has to be documented and validated to ensure accurate
variant calling.

Multiple repositories for genomic data exist to deposit, search,
analyze and download cancer data, all following the FAIR (Findable,
Accessible, Interoperable, Reusable) principle (e.g. Gene expression
omnibus: https://www.ncbi.nlm.nih.gov/geo/, European Genome-
phenome Archive: https://ega-archive.org/, Genomic Data Commons:
https://portal.gdc.cancer.gov/, GWAS Catalog: https://www.ebi.ac.uk/
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gwas/) although only a handful of studies and datasets are publicly
available so far. The collection and harmonization of WGS data sets
would greatly benefit unified variant annotation and would facilitate the
generation of standardized pipelines and processing guidelines,
providing instructions to less experienced analysts and smaller
institutions.

8. Bioinformatics infrastructure and data storage

WGS data have higher demands by several orders of magnitude on
the bioinformatics analysis compared to WES or targeted NGS data due
to heavier computational load, increased number of variants for anal-
ysis, and larger data archives. Regarding costs for bioinformatics and
storage, short-term capacities for direct computing power after
sequencing (from FASTQ to VCF) and long-term storage capacities must
be created. The developed infrastructure has to be able to process and
evaluate the data in a reasonable time frame and should guarantee
secure long-time data storage and the centralization of results to simplify
quality checks and variant annotation. Such infrastructure requires the
installation of a high-performing computing cluster, possibly filling an
entire data center with emphasis on flexible but controlled access and
data security. Hence, based on the gained experience of large-scale
sequencing projects, various countries (e.g. UK, Sweden, Estonia) have
implemented infrastructures that allow for a centralized and harmo-
nized data processing and interpretation, shifting the data analysis to
specialized centers. To save on the space and costs that come with the
development and maintenance of such an IT-infrastructure, cloud
computing should be considered. Especially hospitals and institutions
located in countries lacking an elaborate health data infrastructure
could greatly benefit from cloud computing by not only renting
computational power and data storage capacity in a cost-effective way
but also by borrowing bioinformatics expertise through the usage of
precompiled pipelines. Medical data security and protection of a pa-
tients’ privacy are essential in a diagnostic setting also from an ethico-
legal perspective. Besides virtually unlimited resources, cloud
computing provides the added advantage of up-to-date data security
with the Health Insurance Portability and Accountability Act compli-
ance as a holistic solution. Nevertheless, further improvement in data
security and privacy are needed for a broad adoption of cloud computing
in the healthcare industry [40]. Irrespective of the computing platform
selected, emphasis on data security is critical especially if genomic data
is to be stored together with other clinical data.

9. Costs

Considerations on costs should include all steps of the WGS protocol,
which comprise DNA extraction, library preparation and sequencing,
bioinformatics, clinical interpretation/reporting, and long-term storage
of raw and processed data, both with respect to the necessary equipment
and highly trained personnel. Currently, the sequencing cost of a 30X
genome is estimated at between $500-$2500 worldwide. However, the
cost for providing a clinical diagnosis from WGS is much higher
depending on turnaround time and level of interpretation. For somatic
mutation analysis the sequencing cost of the genome has to be doubled
to account for tumor-normal pairs. In the oncology space, only one study
[41] so far performed a comprehensive micro-costing exercise of the real
cost of WGS for single centers and established an average cost of over
£6000 per cancer genome.

10. Turnaround times

When considering turnaround time, it is important to note the
necessary balance between a fast and a comprehensive diagnosis. There
are diseases where a rapid diagnosis is potentially life-saving. One
example is acute promyelocytic leukemia whose diagnosis has to be
established within hours and directs therapy with all-trans retinoic acid
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(ATRA). The UK’s NHS have adopted a two-phase approach that allows
urgent testing for the pathognomonic PML-RARA translocations by a
targeted single gene method. WGS is unlikely to assist diagnostics in
such cases. However, it can provide valuable insight into tumors that are
known for their genetic complexity and lead to the identification of
pathogenic lesions, which, with the advance of precision medicine,
might be suitable therapeutic targets. There are first examples on the
coordination of findings from genetic characterization with therapeutic
decisions (detailed in the Clinical Utility paper).

For solid tumors, most patients are not eligible for alternatives to the
standard-of-care approach until treatment with that standard fails and
they have relapsed disease. In patients with a biopsy sample of a
relapsed tumor available, this is an optimal assay sample for identifying
a specific alternative treatment approach, but more rapid turnaround is
required for this information to be utilized clinically [42]. However,
routinely obtaining a biopsy sample from a patient presenting with
metastatic cancer can be difficult. Thus, having data from the primary
diagnosis can help determine new options for the patient and aid ther-
apeutic decisions in a timely manner.

Time required to thoroughly review and interpret the different
variant types detected by this comprehensive testing and describing the
implicated therapeutic, diagnostic, or prognostic implications in the
reports increases the effort required. Therefore, there is variation among
the laboratories returning the information in a clinically relevant time
frame. The same holds true for large-scale WGS cancer studies (Table 2).

In the clinical routine, most patients and physicians would find
10-14 days as an acceptable time for results that might inform treatment
decisions. Some centers may perform rapid turnaround time versus
others who investigate the primary diagnostic biopsy sample or resec-
tion sample in a lenient time frame, in which any treatment-relevant
information is included in the patient’s medical record and then taken
into consideration if and/or when the patient develops a recurrent or
metastatic cancer. In some centers, a 2-step approach may therefore
reasonable, a primary rapid tumor only analysis followed by an all-
encompassing tumor/normal analysis. In this way, diagnostic or
therapy-relevant genetic alterations could be detected very quickly in a
targeted manner, followed by a more detailed and comprehensive but
time-consuming characterization.

11. Quality management

In the United States, diagnostic tests provided to clinical laboratories
are regulated by the US Food and Drug Administration (FDA). Although,
WGS in a clinical setting for human specimens is not currently FDA-
approved, in-house laboratory developed tests (LDTs), which are regu-
lated by the Clinical Laboratory Improvement Amendments (CLIA), are
already in use, e.g., St Jude’s Children Hospital (CLIA certified). While in
Europe the coupling of companion diagnostic test to a specific drug is no
that strictly enforced by the European Medicine Agency (EMA) like in
the US, LDTs are much more frequently used instead of companion
diagnostic tests, e.g. the UK’s Genomics England (ISO 15189 accredited,
UKAS certified), and the Hartwig Medical Foundation in The
Netherlands (ISO 17025 accredited) have WGS pipelines approved as
LDTs. Therefore the quality assurance schemes for LDTs are even more
important. Laboratories offering LDTs are subject to specific laboratory
standards governing certification, personnel, proficiency testing, patient
test management, quality assurance, QC and inspections to establish the
analytical validity of the developed test. This includes accuracy, preci-
sion, analytical sensitivity and specificity, reportable range, reference
range or intervals, and other performance-relevant metrics. Laboratories
may also comply with quality standards described in the international
standard ISO 15189 "Medical laboratories - Requirements for quality
and competence", which is based on ISO/IEC 17025 and ISO 9001, and
contains special requirements for the quality and competence of medical
laboratories.

A new European In Vitro Diagnostics Regulation (IVDR) was
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officially published and came into force on 26th May 2017. A transition
period of five years applies to manufacturers of already approved
medical devices to meet the IVDR requirements. The new IVDR differs
from the past EU IVD Directive in several important aspects. The main
changes include extension of the scope, including high-risk products
manufactured and used in a single healthcare facility, IVD for diagnostic
(including internet-based) purposes, genetic testing and other tests to
provide information on the predisposition of patients to a particular
disease or the effect of treatment, and stricter requirements for technical
documentation and clinical evaluation [43]. While the practical imple-
mentation of the new guidelines is still being discussed, the individual
countries are currently responsible for quality assurance. While the
analytical parts, the technical generation of molecular genetic data by
guidelines and recommendations are well specified, data collection and
data storage are not yet included. The latter have yet to be implemented
as best practice guidelines (Table 1).

12. Conclusions

While the method of WGS is demanding from its implementation to
the analysis and storage of WGS data, its potential outweighs the
analytical challenges. Research initiatives continue to prove the value of
WGS, which starts with improving individual patient care and extends to
the advancement of classification, prognosis, and therapy. In consider-
ation of declining sequencing costs and the increasing importance of
precision diagnostics and targeted therapeutics in clinical oncology, we
envision the transition of WGS from research to routine. This transition
should be accompanied by a comprehensive and critical assessment of
the challenges and advantages of the method; the reader is therefore also
referred to the in-depth discussion on its Clinical Utility and Clinical
Interpretation in this review series.
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