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Abstract Next-generation sequencing (NGS) has transformed DNA sequencing in
terms of speed and data volume, rendering genomics affordable and achievable by
individual laboratories rather than big science that was once managed by interna-
tional consortiums. In parallel, it is propelling contemporary healthcare into the age
of precision medicine, whereby genetic variability of an individual is incorporated
into the formulation of a bespoke treatment plan. However, due to the complexity of
NGS workflow and the large volume of both NGS and phenotypic data, management
of the NGS “big data” in precision medicine has been challenging. This chapter
mainly discusses these challenges and their solutions from several perspectives,
including (i) sample logistics; (ii) electronic health records; (iii) sequencing pro-
cedures; (iv) bioinformatics analysis; (v) interpretation and delivery of results;
(vi) the storage and reanalysis of NGS data; and (vii) the laboratory information
management system (LIMS) as an overall management suite. Finally, we outline
several current developments including artificial intelligence (AI), Internet of Things
(IoT), wearable technologies, and 5G communication. Presumably, these technolo-
gies are capable of bringing impacts to precision medicine in terms of the range of
phenotypic data, which can be acquired continuously and transferred with enhanced
connectivity and speed and in real time.
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11.1 Introduction

Precision medicine (PM) is an emerging paradigm in contemporary healthcare. In
comparison to how medicine is currently practiced, PM takes into account the
variability of an individual such as one’s genetics, lifestyle, and environment prior
to formulating and customizing a treatment plan so as to provide a precisely tailor-
made therapy to each patient. Consequently, PM allows accurate predictions of
disease susceptibility, diagnosis, and prognosis and has been touted as the only
way forward for optimizing patient care (Roberts and Julius 2016). One major
driving force behind PM is next-generation sequencing (NGS) which offers multiple
advantages over the past generations of DNA sequencing technologies (Morash et al.
2018; Gonzalez-Garay 2014). For example, NGS (i) is highly sensitive; (ii) allows
simultaneous sequencing of millions of genetic fragments at a high coverage and
depth; (iii) requires only a low input of starting material; and (iv) is capable of
detecting chromosomal aberrations, copy number variations, and novel
low-frequency genetic variants.

Owing to the strength of NGS, several high-profile genomic initiatives have
employed NGS for cataloging molecular variations in human diseases
(Table 11.1). One example is The Cancer Genome Atlas (TCGA), which has profiled
the molecular landscape of 33 tumor types derived from over 11,000 patients (Blum
et al. 2018). TCGA data have contributed meaningfully to precision oncology. For
instance, based on the molecular profiles, gliomas can now be classified into distinct
subtypes, namely, those with IDH/t(1p;19q)/TERT alterations; IDH/TERT muta-
tions; IDH mutations only; TERT mutations only; or triple-negative gliomas (Eckel-
Passow et al. 2015). Similarly, gastric cancer can be categorized into four or five
different subtypes (depending on the classification system used), including a micro-
satellite unstable subtype and an Epstein-Barr virus (EBV)-positive subtype (Bass
et al. 2014; Setia et al. 2016). Besides tumor classification, NGS data generated from
TCGA also revealed several actionable mutations and gene fusions in several sub-
types of cancer, which may provide insights for targeted therapies (Gao et al. 2018;
Grabiner et al. 2014; Wagle et al. 2014).

Another PM initiative enabled by NGS is the HumanMicrobiome Project (HMP).
The first phase of the HMP established the baseline taxonomic and strain-specific
compositions of the microbiome within and between body sites, whereas the second
phase characterized the dynamic changes in microbiome and host profiles during
pregnancy and preterm birth; the onset of inflammatory bowel diseases; and the
onset of type 2 diabetes (Sinha et al. 2015; The Integrative Human Microbiome
Project 2019; Proctor et al. 2019; The Integrative HMP (iHMP) Research Network
Consortium 2014). HMP data improve our understanding of host-microbiome inter-
actions and their underlying mechanisms. As the roles of host-microbiome interac-
tions become more apparent, NGS data from the HMP can be tapped to facilitate the
development of precision diagnostics and therapeutics (ElRakaiby et al. 2014;
Doestzada et al. 2018).
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Several other large-scale projects have also exploited NGS for decoding the
genome, epigenome, transcriptome, regulome, and interactome of the study partic-
ipants. These efforts include the Encyclopedia of DNA Elements Consortium
(ENCODE) project (Dunham et al. 2012), the 1000 Genomes Project (Auton et al.
2015; Sudmant et al. 2015), and more recently the 100,000 Genomes Project of the
United Kingdom (Peplow 2016; Turnbull et al. 2018), the 1+ Million Genomes
Initiative of the Europe (Saunders et al. 2019), and the All of Us Research Program
of the United States (US) (Sankar and Parker 2017). Many smaller-scale studies also
utilized NGS for identifying molecular biomarkers that can improve precision
diagnostics and prognostication (Alonso et al. 2019; Zacher et al. 2017; Acha
et al. 2019; Na et al. 2019; Oberg et al. 2016; Volckmar et al. 2019; Dubbink
et al. 2016). The widespread use of NGS in these projects highlights its potential in
accelerating PM. Nevertheless, the large volume of data generated by NGS poses a
challenge in its management. In this chapter, we first describe the general workflow
of NGS and its challenges and further discuss the use of laboratory information
management system (LIMS) in managing NGS.

Table 11.1 Examples of high-profile genomic initiatives which employed NGS for molecular
profiling

Initiative Launch year Goal

The Cancer Genome Atlas
(TCGA)

2005 To catalog and discover major cancer-causing
genomic alterations through large-scale
genome sequencing and integrated multi-
dimensional analyses

Human Microbiome Project 2007 To characterize the human microbiome and
analyze its role in human health and disease

Encyclopedia of DNA Ele-
ments Consortium (ENCODE)

2003 To identify all functional elements in the
human and mouse genomes, including ele-
ments that act at the protein and RNA levels,
and regulatory elements that control cells and
circumstances in which a gene is active

1000 Genomes Project 2008 To identify genetic variants with frequencies
of at least 1% in the populations studied

100,000 Genomes Project 2012 To sequence 100,000 genomes from around
85,000 UK National Health Service (NHS)
patients affected by rare diseases, cancers, and
infectious diseases

1+ Million Genomes Initiative 2018 To sequence at least one million genomes in
the European Union for improving disease
prevention, allowing for more personalized
treatments, and providing a sufficient scale for
new clinically impactful research

All of Us Research Program 2015
(enrollment
started 2018)

To collect genetic and health data from one
million volunteers to accelerate health research
and medical breakthroughs, enabling individ-
ualized prevention, treatment, and care

11 Management of Next-Generation Sequencing in Precision Medicine 151



11.2 Workflow of Next-Generation Sequencing
Experiments

Genome-scale PM projects that incorporate NGS workflows are often complicated,
consisting of multiple steps that require multidisciplinary expertise. Due to such
complexity, the success of such projects relies heavily on excellent management and
logistics of samples, NGS data, patients’ records, and other ancillary data. In the
following, we discuss the current practice of NGS data management, paying partic-
ular attention to the following aspects: (i) the management of sample logistics;
(ii) archiving and retrieval of patients’ electronic medical records; (iii) the sequenc-
ing procedures; (iv) bioinformatics analysis; (v) the interpretation and delivery of
results; (vi) the storage and reanalysis of archived NGS data; and (vii) the laboratory
information management system (LIMS) to enable seamless and overall connection
and coordination for NGS samples, workflows, and data.

11.2.1 Sample Acquisition and Management

Managing sample logistics is the very first step of NGS-based projects. Once a
patient has provided informed consent to a PM regimen, the next crucial step is to
ensure acquisition of high-quality sample(s) from patients. To do this, there must be
stringent quality control in the collection, temporary and long-term storage, as well
as processing of samples (Moore et al. 2011). As such, prior to sample collection,
patients should have undergone consultation and counseling by clinicians and
genetic counselors; have agreed to various terms and conditions of the diagnosis/
treatment workflow; and have been briefed about the sample collection process.
While all patient- and sample-related information should be documented, personal
identifiers should strictly be kept confidential. Depending on the nature of investi-
gations, biospecimens, such as blood, saliva, buccal swabs, urine, and stool, will be
acquired from the patients (Basik et al. 2013; Woo and Lu 2019; van Noord 2003;
Malsagova et al. 2020). Drawing of blood requires the assistance of a qualified
phlebotomist, while acquisition of buccal swabs, urine, and stool may be performed
by the patients themselves. Some tissues, such as tumor tissues or endoscopic swabs,
can only be obtained with the help of clinicians in hospitals. Care must be taken by
all process operators to minimize the contamination of samples with other sources of
nucleic acid.

Once obtained, biospecimens should be kept at temperatures optimal for nucleic
acid extraction. A transport temperature of 4 �C is deemed optimal for delivery of
samples for nucleic acid extraction; nevertheless, delivery at 25 �C or below for
samples such as buccal swabs may be accepted, if cold chain is not available.
Nucleic acids extracted from the biospecimens should be kept at �20 �C until
NGS is performed. Indeed, best practices and standardization for quality control of
biospecimens prior to analytical process have been developed by various
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organizations, including the Clinical and Laboratory Standards Institute (CLSI)
Standards, the National Cancer Institute (NCI) Best Practices (NCI Best Practices
for Biospecimen Resources 2016), and the College of American Pathologists (CAP)
Guidelines (Stumptner et al. 2019). In addition, laboratories involved in the NGS
workflow should ideally be accredited with ISO 15189:2012 (Medical Laboratories –
Requirements for Quality and Competence) (Gutowska-Ding et al. 2020).

Biobanking of samples plays an important role in PM research. Therefore,
patients may choose to bank their samples or nucleic acids for follow-up/future
investigation. It is also imperative that biobanks adopt clearly defined guidelines on
the ownership, usage, and disposal or destruction of patient samples to ensure high
quality of archived samples for future usage (Malsagova et al. 2020; Ollier et al.
2005; Nagai et al. 2017; Langhof et al. 2018).

11.2.2 Medical and Health Informatics

The Health Information System (HIS) is an indispensable component of contempo-
rary healthcare management. Notably, many healthcare providers have implemented
electronic health records (EHRs) for sharing and managing clinical data according to
predetermined standards and classifications (Kho et al. 2013). Such data categories
encompass billing information, time of visitation, clinical symptoms and interpreta-
tions, prescription, laboratory test results, and other patient-linked data (Jensen et al.
2012). Hence, EHRs customarily adopt a structured format, comprising unchanged
administrative data such as demographic details and updatable particulars such as
disease diagnoses and treatment procedures (Wu et al. 2017). EHRs may also
contain unstructured data. For instance, patients’ clinical conditions can be described
in free-text clinical notes to supplement existing structured data; and therefore
natural language processing (NLP) capability has been incorporated in newer EHR
systems (Nadkarni et al. 2011). A non-exhaustive list of EHR software in the market
and their features is shown in Table 11.2.

In 2015, the US Precision Medicine Initiative proposed to incorporate omics data
into EHRs (Wu et al. 2017; Collins and Varmus 2015). Such a link extends the roles
of EHRs to medical research, whereby clinical information and healthcare-related
biological products can be used to supplement genetic investigation of diseases at
both individual and population-wide levels and to drive large cohort studies (Kho
et al. 2013; Kohane 2011). Vice versa, omics modalities, such as NGS data, together
with EHRs can be exploited for the study of healthcare efficiency and safety across
the population (Wu et al. 2017). Technically, EHR-driven genomic research
(EDGR) is an emerging area that employs a combination of structured, codified,
and narrative texts to describe phenotyping, sample selection, and acquisition.
Alternatively, clinical characterization can be applied as an addition to fill in missing
details of collected samples as a form of phenotypic augmentation (Kohane 2011).
Indeed, NGS data has assisted the development of drugs targeting tumor-driving
mutations (Morash et al. 2018). Besides, by linking biorepositories to clinical data,
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Table 11.2 A list of electronic health records (EHR) software in the market and their features

No. Vendor name Product name Features

1. Varian Medical
Systems

ARIA® Oncology Infor-
mation System

• Cloud-based and on premise
• Support clinical workflow and doc-

ument management
• No insurance and claim information
• No lab integration
• Demographics and portal of patients
• Reporting and analytics

2. Elation Health Elation HER • Cloud-based only
• Support clinical workflow and doc-

ument management
• No insurance and claim information
• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics

3. Allscripts TouchWorks HER • Cloud-based only
• Support clinical workflow and doc-

ument management
• Contains insurance and claim infor-

mation
• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics

4. Epic Epic HER • Cloud-based only
• Support clinical workflow and doc-

ument management
• Contains insurance and claim infor-

mation
• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics

5. eClinicalWorks eClinicalWorks 10e • Cloud-based only
• Support clinical workflow and doc-

ument management
• Contains insurance and claim infor-

mation
• Lab integration
• Demographics, portal, and referrals

of patients
• Reporting and analytics

6. GE Healthcare Centricity EMR • Cloud-based only
• Support clinical workflow and but

not document management
• No insurance and claim information
• Lab integration
• Demographics and history of

(continued)
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Table 11.2 (continued)

No. Vendor name Product name Features

patients
• Reporting and analytics

7. Flatiron OncologyCloud • Cloud-based only
• Support clinical workflow and doc-

ument management
• No insurance and claim information
• No lab integration
• Demographics, history, and portal

of patients
• Reporting and analytics

8. ChartLogic ChartLogic EHR • Cloud-based and on premise
• Support clinical workflow and doc-

ument management
• Contains insurance and claim infor-

mation
• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics

9. Bizmatics PrognoCIS • Cloud-based only
• Support clinical workflow and doc-

ument management
• Contains insurance and claim infor-

mation
• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics

10. AdvancedMD AdvancedEHR • Cloud-based only
• Support clinical workflow and doc-

ument management
• Contains insurance and claim infor-

mation
• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics

11. CureMD All in One EHR • Cloud-based only
• Support clinical workflow and doc-

ument management
• Contains insurance and claim infor-

mation
• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics

12. RXNT RXNT EHR • Cloud-based only
• Support clinical workflow and doc-

ument management

(continued)
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more sophisticated and personalized disease management can be followed through
by clinician-scientists. Furthermore, the information on family history and genetic
testing can also help to support and educate clinicians in adopting evidence-based
strategies in clinical care and decision support (Scheuner et al. 2009). By referring to
sequencing results to identify a patient’s cancer genome, for instance, both treatment
options and management can be facilitated; and this has yielded benefits in providing
assessment of new treatments, improvements in patient outcomes, or healthcare
savings (Cowie et al. 2017).

While transparent health information systems facilitate data sharing and collab-
orative research, it is noteworthy that impending risks may arise in the form of
infringements of privacy, social stratification and discrimination, or identity theft.
This can lead to the erosion of public trust in healthcare providers and governments.
Therefore, management of EHRs should preferably incorporate a legislative frame-
work of privacy protection, besides issues in data security and cyber-security.

Table 11.2 (continued)

No. Vendor name Product name Features

• Contains insurance and claim infor-
mation

• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics

13. MDVision MDVision EMR • Cloud-based and on premise
• Support clinical workflow and doc-

ument management
• Contains insurance and claim infor-

mation
• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics

14. Kareo Kareo Clinical • Cloud-based only
• Support clinical workflow and doc-

ument management
• Contains insurance and claim infor-

mation
• Lab integration
• Demographics, history, portal, and

referrals of patients
• Reporting and analytics
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11.2.3 Next-Generation Sequencing Techniques

Selecting appropriate NGS technology platforms, the associating data structures and
formats, as well as the bioinformatics pipelines are important determinants for
downstream data management such as storage and retrieval. The first commercial
NGS technology was initially launched in 2004 by the 454 Life Sciences based on
the pyrosequencing method (Margulies et al. 2005). Subsequently, Illumina
launched its “sequencing by synthesis” technology—the principle behind Illumina’s
fleet of sequencers such as Solexa, MiSeq, HiSeq, and NextSeq (Meyer and Kircher
2010). Life Technologies later launched the SOLiD platform (Valouev et al. 2008),
which introduced “sequencing by ligation,” and, later, the Ion Torrent and Ion
Proton semiconductor sequencing platforms, which perform “sequencing by syn-
thesis” (Pennisi 2010). Following this, Beijing Genome Institute (BGI) acquired
Complete Genomics’s “DNA nanoballs” sequencing by ligation technology with its
BGISEQ-500 flagship sequencer (Porreca 2010). In 2013, the 454 pyrosequencing
platform was discontinued by Roche, while Thermo Fisher Scientific, which
acquired Life Technologies, discontinued SOLiD sequencing in 2016. This leaves
Illumina, Ion, and BGI sequencing as the main players in NGS technologies. The
timeline for major development milestones of both NGS and TGS platforms is
illustrated in Fig. 11.1.

Fig. 11.1 Timeline for major development milestones of both NGS and TGS platforms
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Almost all NGS platforms produce short sequencing reads of between 100 and
400 bases. Short sequences can sometimes be difficult to assemble (Margulies et al.
2005). In contrast, PacBio and Oxford Nanopore introduced long-read sequencing,
where reads from these third-generation sequencing (TGS) platforms can span 10 kb
or longer. TGS reads are easier to assemble, and they may reveal structural variation
and allow easier determination of maternal and paternal chromosomes for neonatal
PM (Rhoads and Au 2015; Tyson et al. 2017).

Regardless of NGS or TGS, the sequencing process can be divided into four
phases, namely, library preparation, amplification, sequencing, and data analysis.
Besides whole genome sequencing (WGS) in cases of unknown causes of disease,
patients can opt for the smaller whole exome sequencing (WES) if suspected
mutations or single-nucleotide polymorphism (SNPs) of genes of interest are con-
firmed to be located in the exons. Sequencing of targeted-gene panels will reveal
mutations or SNPs which have been clinically proven to be related with specific
diseases or treatment outcomes. In cases where diseases or traits are confirmed or
suspected to be epigenetically related, patients may also opt for epigenome and
transcriptome sequencing (RNA-Seq) (Maróti et al. 2018; Zhang et al. 2018).
Besides, as the role of specific microbes in health and disease becomes more
apparent, microbiome profiling may soon find its immediate applicability in PM
(ElRakaiby et al. 2014; Doestzada et al. 2018).

11.2.4 Bioinformatics

NGS technology generates a plethora of data. These data need to be
bioinformatically analyzed before they can be translated into clinically meaningful
information. The general bioinformatics analysis workflow for NGS is shown in
Fig. 11.2. The first-hand data that have not been modified since acquisition are
termed raw data. The file types and structures of raw data vary according to the
platforms used, but they are generally large in size. Raw data typically contains
noises from upstream analyses. Removal of these noises results in processed data,
which can be further analyzed to obtain clinically meaningful information. None-
theless, processed raw data should preferably be stored to allow reanalysis with
future versions of data processing algorithms which can achieve greater precision
and accuracy (Hart et al. 2016). In addition to raw data, cryptographic hash such as
SHA or MD5 should be generated and stored to prevent data corruption. Also, data
stored on local computers or institutional servers should be backed up periodically to
other locations to protect against data loss (Mangul et al. 2018).

NGS data are often flooded with sequencing artifacts, which include reads error,
poor-quality reads, and primer or adaptor contamination (Endrullat et al. 2016).
Hence, quality control (QC) of NGS data is vital to filter out low-quality data that
would have imposed negative impacts on the downstream analyses and misleading
conclusions (Patel et al. 2012). Several different software programs can be used for
converting sequence data into nucleotide reads and their annotation. These programs
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can be broadly classified into (i) open-source software and (ii) commercial software.
While open-source programs are freely available and allow user preview of the
logical flow and customization of the pipelines, programming skills are needed to
execute and implement the program (Mangul et al. 2018). Commercial software, on
the other hand, combines several analytical programs in a package and is usually
equipped with a point-and-click interface. The downside of commercial software is
that they are expensive in terms of licensing and upgrading costs (Smith 2014). Both
open-source and commercial software receive version updates from their developers
regularly. While the new updates are usually hassle-free for commercial software
(since they are all contained in a suite package), open-source software requires
additional checking for hardware and software compatibility issues and might
need to recompile from codes again, which makes the time-stamping and manage-
ment of the software versions more complicated (Gullapalli 2020).

11.2.5 Delivery of Results

To apply NGS data to the clinical setting, NGS data need to be translated into outputs
that are informative to the healthcare providers as well as to the patients (Manrai and
Kohane 2017; Mehandziska et al. 2020). To this end, bioinformaticians play an
important role in identifying changes in the tested samples in comparison to controls.

Fig. 11.2 A step-by-step bioinformatics analysis workflow for DNA-Seq and RNA-Seq acquired
with NGS or TGS platforms

11 Management of Next-Generation Sequencing in Precision Medicine 159



Depending on the tests, bioinformaticians and geneticists/molecular biologists will
need to work together to match these changes to available literature and databases on
the investigated illness/traits and deliver the results to medical practitioners for
patient disclosure. In cases where the cause of the investigated disease/trait is still
unclear, a multidisciplinary team composed of bioinformaticians, scientists, and
clinicians will be important for NGS results interpretation (Bylstra et al. 2019).

During results disclosure to individuals carrying high genetic risks, it is important
to have medical professionals explaining the biological meaning of the results. It will
also be ideal to have genetic counseling at the same time or at a subsequent session
(Stoll et al. 2018). This is particularly important if the investigated condition is
hereditary, so that the patients are made aware of not only their health condition but
also the probable impact on their families and offsprings. Subsequently, the tested
patient and/or probands can go through a confirmatory testing or be referred to
specialist clinics for clinical management (Bylstra et al. 2019). On the other hand, if
the patient is not found to carry any pathogenic mutation, they can be informed via
an official letter from the clinic, with the option of a final meeting with the attending
clinician, if required.

As NGS-based PM results contain sensitive information about the tested patient’s
genome, all folders containing these data should be encrypted with no personal
identifiers to patients (Martinez-Martin and Magnus 2019). After consultation and
counseling, it depends on the patient’s prior discussion and agreement with the
attending clinician on how their data will be managed after NGS results are
delivered – whether this data should be destroyed or archived for future usage.

11.2.6 Data Storage

Storage of NGS data allows data reanalysis in the future. With the surge of NGS
datasets, the demand in computing power and storage has increased exponentially.
The processing of large-scale NGS data often requires high-performance computing
(HPC) resources (Pérez-Wohlfeil et al. 2018). Despite enhancing productivity, HPC
systems harbor security risks due to possible attacks by hackers, an inherited
problem from conventional computer, and network security issues (Hou et al.
2020). Since HPC systems are essentially large-scale computing infrastructure,
they can be remotely accessed by any registered users. Therefore, security mecha-
nisms must be employed to prevent any suspicious activities or attempts from
accessing sensitive information.

The increase in the volume and variety of NGS data has posed new challenges,
where HPC is now dealing with big data garnering terabytes/petabytes of informa-
tion. By tying together all aspects of computing power and storage, cluster comput-
ing helps to eliminate gridlocks that can interfere with performances (Ocaña and De
Oliveira 2015). The greatest advantage of computer clusters is the scalability that
they offer, in which, unlike mainframe computers that have a fixed processing
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capacity, computer clusters can be easily expanded as requirements change and
grow, simply by adding additional nodes and storages to the cluster.

Bioinformatics services have generally been provided via web servers, and are
usually hosted at institutional computing infrastructures, and simultaneously serve
multiple users via remote access. Due to the expanding number of users, data sizes,
and new requirements in terms of speed and availability, this model has become
outdated (El-Kalioby et al. 2012). In recent years, cloud computing and storage have
emerged as a powerful, flexible, and scalable approach to tackle computational and
data-intensive problems (Fig. 11.3). Examples of public clouds include Amazon
Web Services (AWS), Google Cloud Platform (GCP), and Microsoft Azure. Several
common cloud types include (i) software as a service (SaaS), which enables the user
to use the cloud provider’s applications that are running on the cloud infrastructure;
(ii) platform as a service (PaaS), which enables the user to create or acquire
applications and tools and deploy them on the cloud provider’s infrastructure; and
(iii) infrastructure as a service (IaaS), which enables the user to utilize processing,
storage, networks, and other fundamental computing resources (Navale and Bourne
2018).

Fig. 11.3 Computational infrastructure, requirements, and logistics for NGS data analysis – before
and after implementation of cloud computing
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11.3 Challenges in Next-Generation Sequencing

Apart from data storage, there are several other technical challenges in applying
NGS in precision medicine. First, there is a need for quality management and
workflow standardization (Endrullat et al. 2016). This ensures the comparability of
the sequencing data among different laboratories and reproducibility of the results,
thus improving testing accuracy and reliability. Currently, there is a lack of consen-
sus in the development of a standardized workflow among different laboratories.
Even when standardization guidelines are developed, there might be difficulties
implementing the standards due to incompatibility of the guidelines in different
NGS applications (Cargill 2011). Moreover, a vast majority of standardization
guidelines are from the United States; thus, it is unknown whether these guidelines
are implementable in other countries (Endrullat et al. 2016). Apart from that, there is
also an issue concerning the bandwidth limitations if sequencing and data analysis
are performed at different centers, thus requiring data transfer from one place to
another (Wandelt et al. 2012). In addition, as NGS involves multiple procedures over
multiple days which may be performed by multiple technologists, it is often difficult
to track the NGS workflow and trace the samples, the personnel who performed the
experiment, reagent consumption, etc.

11.4 Laboratory Information Management System

Fortuitously, laboratory information management systems (LIMS) are available,
which can be used to manage NGS data and workflow, and make the tracking and
tracing above uncomplicated. LIMS is a type of software developed and used in
many clinical laboratories since the 1980s to manage basic operations in the labo-
ratory. Traditionally, the functions of LIMS focused on the management of samples,
such as sample registration, barcode label generation, and location tracking (includ-
ing assigning the samples to a particular freezer compartment) (Gibbon 1996). Over
time, the functionalities have been enhanced by including management of personnel
(such as assignment of job to laboratory staff and their work schedules); estimation
and tracking of experiment completion time; assessment of instrument or test
performance; reagent and inventory tracking; recording of experimental procedures
(i.e., electronic laboratory notebook); and tax invoicing (Argento 2020; De Block
2019). Implementation of LIMS in clinical laboratories can reduce human errors
during the entire experimental workflow and aid in the enhancement of work quality
and productivity and is among the first steps toward laboratory automation and
digitalization (Chen et al. 2016; Junaid and Jangda 2020).

Despite this, the unprecedented volume of NGS data, along with the complexity
of the NGS workflow, poses new challenges to the conventional LIMS (Chen et al.
2016). For this reason, many conventional LIMS have been refined or even
revamped, and many other new LIMS have been developed, to meet the demands
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of modern genomic laboratories. For example, apart from tracking the identity of the
samples and their location in the freezer, modern LIMS also records the status of the
samples (e.g., whether they are successfully completed) at each stage of the complex
NGS pipeline, as well as the batch number of the reagents used. Modern LIMS also
allows protocol automation and customization for different NGS applications and
platforms and contains quality control tools that identify samples of poor quality.
Besides, many modern LIMS have raw data processing functionalities, which can
ease the delivery of sequencing results, often in a systematic and organized manner,
to the healthcare providers or the patients. Due to the enormous size of NGS data
files, modern LIMS are also moving toward cloud computing and storage, as
discussed in Sect. 11.2.6 (Paul et al. 2017; Guo et al. 2020). For this reason, most
modern LIMS applications require connectivity with a high-speed internet and
normally function through a server computer and several PC workstations.

11.5 How to Select a Laboratory Information Management
System?

Dozens of LIMS offering different functionalities are currently available in the
market, and each one has its own pros and cons. Several main aspects that need to
be considered when selecting a LIMS for NGS management are discussed below.

11.5.1 Ability to Integrate with NGS Instrumentation

To improve the workflow efficiency in the laboratory, a LIMS needs to be able to
directly provide instructions or data to, or retrieve data from, the existing NGS
instruments. In other words, a LIMS should be integrated with NGS instrumenta-
tions rather than operating independently (Chen et al. 2016). This will allow
automation of the process, instead of relying on laboratory staff to manually feed
or retrieve the information between LIMS and the instruments. It should be noted
that distinct NGS platforms use different reagents, protocols, and instruments to
achieve their optimal performance. Ideally, a LIMS should be able to recognize and
communicate with instrumentations from all major platforms, so that users can
simply specify the type of NGS application to be performed and the LIMS automat-
ically generates the correct instructions for the sequencers. In addition, the ability to
integrate with NGS instrumentations can allow LIMS to continuously monitor
metrics such as the Phred quality score to track the status and quality of the
sequencing in real time.
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11.5.2 Ease of Configuration and Customization

Every laboratory has its own demands for LIMS. In addition, NGS workflows,
protocols, methodologies, and technologies are also continuously evolving (Durmaz
et al. 2015; Cała et al. 2014). Thus, it is imperative that LIMS be flexible for
configuration and customization (Chen et al. 2016; Tagger 2011). Configuration of
LIMS refers to the use of built-in system tools, often in the user interface, to redesign
the appearance or functionality of the software. Examples of configuration tasks
include creating a new user profile, adding new sample preparation procedures or
analytical methodologies, devising the sample nomenclature, and inserting addi-
tional fields in the report form. Customization, on the other hand, refers to extension
of the system functionalities by modifying the programming codes associated with
the software. This is necessary when, for example, the LIMS needs to be catered for
new NGS technologies or instrumentations. Customization often requires the skills
of expert programmers and involves rigorous testing and validation of the new codes
to ensure that they do not clash with the system (Paul et al. 2017; Bianchi et al. 2016;
Rafid Raeen 2018). Thus, it is clear that LIMS which allows easy configurations and
customizations can allow laboratories to work efficiently to match their current and
future informatics needs.

11.5.3 Accommodativeness to Different Users

Implementation of NGS in the clinical practice typically requires the involvement of
several parties including laboratory managers, technicians, application specialists,
bioinformaticians, authorized signatories, and clinicians/healthcare providers. Each
of these parties has their own responsibilities and thus requires access to different
information (Tagger 2011). For example, a technician does not need to know the
medical history of a patient, whereas a healthcare provider does not need to know the
rate of reagent consumption for an NGS assay. To improve work efficiency, a LIMS
should provide targeted interfaces for different users, so that each of them can access
only the information that is relevant to them, rather than spending time retrieving the
necessary data from the system.

11.5.4 Comprehensiveness of Sample Tracking

The accuracy of an NGS assay is dependent on the quality of the sample in each step
of the workflow (“garbage in, garbage out”) (Robles-Espinoza and Adams 2014;
Conrads and Abdelbary 2019). As such, it is important to keep close track of the
samples throughout the entire workflow, from sample collection to final result
delivery (Matthijs et al. 2016). To enable effective analysis of a large volume of
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NGS data, LIMS needs to be able to track the samples and their associated metadata
comprehensively. Examples of information that needs to be captured by a LIMS
include the approach by which the samples were collected, the purity and concen-
tration of the nucleic acids isolated, sample and nucleic acid storage conditions, the
protocols and reagents (including batch numbers) used to create the sequencing
library, quality control metrics of the sequencing library, etc. A comprehensive
sample tracking can allow validation and/or troubleshooting work to be performed
effectively.

11.5.5 Compliance Support

The use of NGS in precision medicine involves human samples and is thus governed
by a number of regulations. In the United States, for example, healthcare providers
need to adhere to the Health Insurance Portability and Accountability Act (HIPAA),
Clinical Laboratory Improvement Amendments (CLIA), and General Data Protec-
tion Regulation (GDPR), in addition to other guidelines and requirements from
international agencies and professional organizations (see Sect. 11.2.1) (Roy et al.
2018). Apart from that, an NGS laboratory should ideally comply with the ISO
15189:2012 accreditation standards (Gutowska-Ding et al. 2020). A good LIMS
should have a set of controls that monitor compliance with these regulations,
guidelines, and standards to ensure integrity and validity of the NGS data and to
safeguard patients’ privacy.

11.5.6 Cost

Both commercial and non-commercial (open-source) LIMS are widely available in
the market. Commercial LIMS are usually easier to install and use, and have more
advanced features, compared to the open-source ones. However, the costs needed to
implement a commercial LIMS are often unaffordable for smaller laboratories which
do not run NGS as the core business and rely on research grants as the main source of
funding (Lemmon et al. 2011).

11.6 Examples of LIMS for NGS

The rise of NGS has also pushed the rapid development of LIMS. A number of
LIMS are now available to manage NGS data (Table 11.3). Laboratories using the
Illumina NGS platform are probably familiar with the Illumina BaseSpace Clarity
(BaseSpace Clarity LIMS 2020), a web-based LIMS which can receive encrypted
data directly from the sequencers and used for monitoring sequencing runs,
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processing and storing the sequencing data on the BaseSpace Cloud, and easy
sharing of the sequencing data with collaborators. Likewise, Agilent users may be
familiar with SLIMS, which provides comprehensive tools for managing the entire
NGS workflow. Another LIMS which can be used for NGS data management is
openBIS (Barillari et al. 2016), which also features an electronic laboratory note-
book function. GNomEx LIMS (GNomEx 2020), which is developed by the Hunts-
man Cancer Institute, can also be used for reporting of both NGS and microarray
data. The Wasp system (McLellan et al. 2012) is another genomics LIMS that
provides embedded pipelines for various massively parallel sequencing assays for
use in the clinic. Similarly, MendeLIMS (Grimes and Ji 2014) also emphasizes on
the management of clinical genome sequencing projects. The Sample-based Labo-
ratory Information Management System (SLIMS, not to be confused with the
Agilent SLIMS which shares the same name above) (Van Rossum et al. 2010), on
the other hand, is a LIMS designed for laboratories focusing on genotyping and
genome-wide association studies. In addition, SMITH (Venco et al. 2014) provides a
fully automated system in managing sequencing data on high-performance comput-
ing clusters. Besides, the Galaxy LIMS (Scholtalbers et al. 2013) was developed as
an extension to the existing Galaxy platform; thus, the sequencing data are directly
available for processing using the analytical pipelines stored in the platform. The
Parkour LIMS (Anatskiy et al. 2019) is designed to maximize the efficiency of NGS
sample processing and quality management in academic core laboratories. SeqBench
(Dander et al. 2014) is another LIMS that is developed to cater analysis of whole
exome sequencing data, either locally, on a cluster, or in the cloud. Many other
LIMS, such as Exemplar (Laboratory Information Management System Software
(LIMS) | Sapio Sciences 2020), MISO (2020), and NG6 (Mariette et al. 2012), also
provide a variety of tools for the management of NGS experiments.

Table 11.3 A
non-exhaustive list of
commercial and open-source
LIMS for NGS

LIMS Licensing

Illumina BaseSpace Clarity Commercial

Agilent SLIMS Commercial

Exemplar Commercial

GNomEx Open-sourcea

openBIS Open-source

Wasp Open-source

MendeLIMS Open-source

SLIMS Open-source

SMITH Open-source

Galaxy LIMS Open-source

Parkour LIMS Open-source

SeqBench Open-source

MISO Open-source

NG6 Open-source
aFree disk space allocation is 100 GB. A bill of $2.00 will be
charged each month for every additional 100 GB ($240 per TB per
year)
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11.7 Other Issues to Consider

Apart from scientific, technical, and logistic challenges, there are other ancillary
aspects that one must consider in managing NGS data. First, the acquisition, storage,
and usage of personalized omics data may lead to unintentional legal, social, and
ethical breaches; hence, appropriate framework should be put in place (Minkoff and
Ecker 2008). For instance, it remains controversial as to whether first-degree rela-
tives and insurance companies are eligible to access and use personal genomic
information, in addition to possible genetic discrimination (Federal Register 2015).
Other considerations include the consent process and the communication results and
counseling (Fossey et al. 2018). The European Union introduced the General Data
Protection Regulation (GDPR), introduced in 2016, to set specific provisions for the
processing of sensitive data, such as technical and organizational measures on
adapting pseudonymization which intended to deliver adequate protection rights
and freedoms of data subjects (Sanchini and Marelli 2020).

Translation of big data into PM requires healthcare providers to possess knowl-
edge in molecular life sciences, so that they are able to understand and interpret these
big data reports, as well as to incorporate these data into disease treatment and
prevention, and to deliver the appropriate knowledge to patients (Reference GH
2020). However, the current generation of clinicians and nursing staff often lack the
background for managing EHRs, omics data, and biobanks, besides differentiating
actionable genes and providing options for participants to receive limited results or
to withdraw from the study at a later stage. It is therefore imperative to incorporate
these cross-disciplinary components in tertiary education and continuing profes-
sional development. To facilitate knowledge sharing, it is also highly beneficial to
standardize terminologies and nomenclatures, besides NGS data structures and
formats in this emergent field. Besides, pioneering endeavors are often greeted
with skepticism and resistance by the public due to the lack of exposure. As such,
public education and campaigns are equally important for creating public awareness
and acceptance.

Another compelling factor for health institutions is the cost. Storing and manag-
ing NGS datasets, EHRs, and other lab tests require hefty initial investment in high-
performance computing, maintenance, and periodic upgrade, not to mention hefty
investment in human capital and infrastructure upon scaling up to nationwide public
health efforts. This will inevitably involve politics whereby public debates on health
economics, crafting of new budgets, and policies will take place.

11.8 Conclusion and Future Perspectives

The improved reliability and lowering cost have rendered NGS being increasingly
adopted in the clinics; and these have also further expanded the NGS “big data”
(Pennell et al. 2019; Hulsen et al. 2019). Such advancement should have been
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matched with an equivalent capacity in automated data analysis and interpretation,
but NGS data are still mainly curated by bioinformaticians and subject matter experts
manually. We envisage that a major revolution in precision medicine will be
artificial intelligence (AI), an indispensable component of the Fourth Industrial
Revolution (4IR) which will alleviate the bottleneck in NGS data analysis
(Fig. 11.4). AI refers to a range of computational capabilities, i.e., rule-based
computing, machine learning (ML), deep learning, natural language processing
(NLP), and computer vision, that can facilitate and speed up tasks requiring
human intelligence in reasoning, decision-making, as well as speech recognition,
visual perception, or detection of data patterns.

Currently AI has begun to exhibit its prowess in NGS data analysis. Firstly, in the
variant calling process whereby a sample nucleic acid sequence is compared to a
reference sequence to detect any differences, manual annotations of variants often
produce errors and biases (Hwang et al. 2015). AI algorithms such as DeepVariant
can learn these biases from a single genome with a reference standard of variant calls
and produce premium variant calls (Poplin et al. 2018). Meanwhile, in genome
annotation and variant classification, prediction of both (i) the functional elements
from primary DNA sequence and (ii) the effects of genetic variations on these

Fig. 11.4 Developments in the Fourth Industrial Revolution (4IR) that can improve the quality,
quantity, variety, and connectivity of acquired NGS and phenotypic data for precision medicine
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functional elements can also be facilitated by AI, as exemplified by algorithms such
as combined annotation-dependent depletion (CADD) (Kircher et al. 2014),
SpliceAI (Jaganathan et al. 2019), and DeepSEA (Bernstein et al. 2010). Thirdly,
another process that can be expedited by AI is the mapping of phenotypes to
genotypes. Every predicted pathogenic variant should preferably be matched to an
expected disease phenotype to ease subsequent clinical diagnosis. Through an
interdisciplinary area named computer vision, AI-based deep learning has been
implemented on medical imaging data obtained from different diseases; and it has
been reported to outperform expert pathologists and dermatologists (De Fauw et al.
2018; Bejnordi et al. 2017). A good example of such an AI-based facial image
analysis algorithm is DeepGestalt (Gurovich et al. 2019). DeepGestalt can be
incorporated into PEDIA, a genome interpretation system. PEDIA was able to
analyze phenotypic features extracted from facial photographs to accurately priori-
tize candidate pathogenic variants for 105 different monogenic disorders across
679 individuals (Hsieh et al. 2019). Likewise, AI-based speech recognition has
been applied to detect diseases such as chronic pharyngitis, which negatively affects
speech ability (Li et al. 2019). Finally, NLP can be used to recognize and capture
patterns in EHRs so that other patient-related data such as laboratory tests or family
history can also be incorporated so as to predict diagnoses, to drive phenotype-
informed genetic analysis, and to inform clinical decision-making (Clark et al.
2019).

Apart from AI, Internet of Things (IoT) is another upcoming trend in PM. At the
moment, apart from mobile devices, various wearable smart devices such as
smartwatches, fitness trackers, smart jewelry, smart clothing, and head-mounted
displays are already in the consumer electronics market. These wearables are usually
worn close to the skin surface so that the embedded sensors can continuously detect,
analyze, and transmit signals of vital signs, ambient data, or physical activity to the
users (Düking et al. 2018). Importantly, these constantly acquired data can be
transmitted and uploaded to cloud storage in real time, so that they can provide
phenotypic features that can be interpreted by AI. At the other end, this form of
portable, real-time, on-site, and IoT-based analysis has also been realized in
nanopore-based DNA/RNA sequencing, which has recently been commercialized
(Liu et al. 2016). Together with the impending fifth-generation mobile network
(5G) that is designed to connect virtually everyone and every device at an elevated
speed and reliability, we therefore believe that healthcare will be completely
transformed.

In short, current strategies for NGS data management in PM, as discussed in
detail here, are still very much under development, and not many healthcare pro-
viders, even in the advanced countries, have even started to embrace NGS-based
PM. Even then, the pace of technologies has moved so rapidly that NGS data
strategies need to be redesigned from time to time in order to keep abreast of this
age of 4IR. To remain future-compliant, new ideas such as AI, IoT, wearable
technologies, and 5G communication will need to be assimilated into PM so that it
can further benefit from the real-time phenotypic data that we have started to
accumulate on a daily basis.
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