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abstract

Next-generation sequencing (NGS) is rapidly expanding into routine oncology practice. Genetic variations in
both the cancer and inherited genomes are informative for hereditary cancer risk, prognosis, and treatment
strategies. Herein, we focus on the clinical perspective of integrating NGS results into patient care to assist with
therapeutic decision making. Five key considerations are addressed for operationalization of NGS testing and
application of results to patient care as follows: (1) NGS test ordering and workflow design; (2) result reporting,
curation, and storage; (3) clinical consultation services that provide test interpretations and identify opportunities
for molecularly guided therapy; (4) presentation of genetic information within the electronic health record; and
(5) education of providers and patients. Several of these key considerations center on informatics tools that
support NGS test ordering and referencing back to the results for therapeutic purposes. Clinical decision support
tools embedded within the electronic health record can assist with NGS test utilization and identifying op-
portunities for targeted therapy including clinical trial eligibility. Challenges for project and change management
in operationalizing NGS-supported, evidence-based patient care in the context of current information technology
systems with appropriate clinical data standards are discussed, and solutions for overcoming barriers are
provided.
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INTRODUCTION

The application of genetic information to assist with the
clinical management of patients with cancer is rapidly
expanding into routine care. Both cancer (ie, somatic)
and inherited (ie, germline) genomes are clinically
important, as variations in either genome can be in-
formative for treatment strategies and drug response.1,2

More than 200 commercially available drugs contain
genetic information in their US Food and Drug
Administration–approved labeling for indications and
usage or for potential impact on drug safety or
response.3,4 Themajority of thesemedications are either
anticancer agents or drugs used in the oncology sup-
portive care setting (eg, pain medications, antidepres-
sants, and antifungal prophylaxis). Molecularly guided
therapy may be applicable to front-line treatment for
certain cancer diagnoses, if pertinent genetic variants
are present, or applicable to later-line therapies in-
cluding opportunities for off-label use.5,6 Molecularly
focused clinical trials, such as basket trials, that require
specific genetic alterations for enrollment eligibility are
also expanding treatment options for patients with
cancer.7,8

There are numerous genetic testing platforms that can be
used for guiding cancer care. Genetic testing can range

from single gene testing (eg, EGFR pyrosequencing) to
comprehensive next-generation sequencing (NGS) of the
whole genome or exome, although whole genome se-
quencing has not yet emerged as a customary test of-
fering in oncology. Targeted NGS of the somatic genome
that encompasses hundreds of genes is more commonly
performed in the oncologic setting to identify opportu-
nities for molecularly guided therapy. Germline testing for
therapeutic purposes has not been as greatly adopted,
but is likely to increase due in part to clinical trials such as
Pancreas Cancer Olaparib Ongoing and Trial of PARP
Inhibition in Prostate Cancer (TOPARP) showing clinical
benefit of PARP (poly [ADP-ribose] polymerase) inhibi-
tors when certain germline variants (eg, BRCA1 or
BRCA2 alterations) are present.9-13 Furthermore, there is
strong clinical evidence demonstrating that the germline
pharmacogenetic results can assist with mitigating
chemotherapy toxicity risks along with optimizing sup-
portive care drug selection and dosage.2,14-21 Compre-
hensive NGS platforms are emerging that provide both
somatic and germline genetic information, with efforts
underway to extract pharmacogenetic information from
sequencing results.22 Taken together, clinicians are in-
creasingly being exposed to vast amounts of clinically
important genetic data that can affect the medical
management of patients with cancer.
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Strategies are needed to fully harness the enormous
amounts of genetic information generated from NGS and to
integrate clinically relevant results into patient care. Fo-
cusing on therapeutics, we addressed five key consider-
ations for application of the NGS results to patient care as
follows: (1) NGS test ordering and workflow design; (2)
result reporting, curation, and storage; (3) clinical con-
sultation services that provide test interpretations and
identify opportunities for molecularly guided therapy; (4)
presentation of important results and optimizing the human
computer interface within the electronic health record
(EHR); and (5) education of providers and patients (Fig 1).
Several of these key considerations center on informatics
tools that support test ordering algorithms that incorporate

appropriate test utilization and support referencing back to
the NGS results. Potential challenges for operationalizing
these key considerations and solutions for overcoming
barriers are discussed. Specific examples of integrating
NGS into clinical care are provided on the basis of our
experiences that are inclusive of precision medicine spe-
cialists (J.K.H.), oncologists (K.K.F., J.E.G., B.M., and
J.M.), and clinical informaticists (R.M.P. and M.F.O.) along
with population health and data scientists (J.K.T., E.R., and
D.E.R.).23-25 Our review is intended to provide guidance for
incorporating NGS into patient care, specifically applicable
to health systems, executive administrators, precision
medicine programs, health informaticists, and providers.

NGS TEST ORDERING—WORKFLOW DESIGN

The selection of an NGS platform can depend on the
cancer type, availability of a particular tissue specimen,
genes of interest, whether information on somatic and/or
germline is needed, and additional desired features in-
cluding transcriptome sequencing, microsatellite instability
status, homologous recombination deficiency status, and
tumor mutation burden.26 Administrative and workflow
factors can also influence the selection of an NGS assay,
including test costs, patient billing, and methods for
returning results (eg, physician and patient portals, por-
table document formats [PDFs], and bioinformatic pipe-
lines). Genetic testing oversight committees, with key
stakeholders inclusive of clinicians, molecular pathologists,
bioinformaticists, patients, finance, and legal, can help
identify their institution’s optimal options for NGS testing.
Larger medical centers often choose to develop in-house
NGS assays that cover most testing requirements, sup-
plemented with reference laboratories used as needed for
certain clinical scenarios.26 After devising optimal NGS
testing strategies, identifying which patients who should
undergo NGS testing must be carefully considered on the
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FIG 1. Key considerations for integrating somatic and germline NGS
results into patient care. EHR, electronic health record; NGS, next-
generation sequencing.
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basis of the clinical characteristics of each unique patient.
Additionally, NGS testing may be influenced by the tech-
nical challenges of ordering the test, associated costs, and
patient consenting.

A survey of oncologists found that most have used NGS
testing in clinical practice, with guiding treatment for ad-
vanced refractory disease as the most common reason for
ordering an NGS assay.27 However, there are limited
consensus guidelines for which patients should be con-
sidered for NGS testing to guide treatment strategies, with
the National Comprehensive Cancer Network guidelines
and the European Society for Medical Oncology providing
guidance for certain cancer diagnoses.5,28,29 Identifying
patients who may benefit from NGS testing versus focused-
indication molecular tests (eg, BRAFV600E testing for pa-
tients with melanoma), or no molecular testing at all, can be
challenging. Institution-specific clinical pathways, which
have been increasingly used to integrate evidence-based
treatment standards into clinical workflows and decision
support, can be a tool to help identify patients who may
benefit from NGS testing on the basis of diagnosis, prog-
nostic indicators, and prior therapy.30 As an example,
Moffitt Cancer Center has developed almost 80 evidence-
base, multidisciplinary clinical pathways covering 57 dis-
ease states with approximately half of these clinical path-
ways fully integrated into the EHR.25,31,32 Considerations for
molecular testing, including NGS assays, are embedded
into clinical pathway algorithms inclusive of recommen-
dations for targeted therapies (Fig 2). As opportunities for
molecularly guided therapy continue to grow, oncology
practice may eventually move toward obtaining NGS tests
on all patients with cancer or at least for those with ad-
vanced disease that failed first-line therapy.29,33 Further-
more, comprehensive NGS testing may be more efficient,
and less costly, than ordering numerous single-gene or
focused-indication molecular tests.27

For those patients identified for NGS testing, the actual
assay order placement can be challenging and time con-
suming. Lack of standardization across reference labora-
tories for order input causes administrative burden for
providers and facilities to accommodate various method-
ologies for order submission. Depending on the laboratory
performing the test and that laboratory’s technical abilities,
the actual ordering may vary from electronic formats (eg,
laboratory portal orderable) to paper forms.24 The required
information may also vary by laboratory and/or order type
and may require manual annotation of the diagnosis and
other clinical information such as International Classifica-
tion of Diseases-10 code, patient demographics, and in-
surance information. Completion of such forms, either in
paper or electronic format, can be demanding for busy
clinics; inadvertently missing information can delay the
receipt of clinically important NGS results and therefore
affect patient care. To assist with enabling efficient NGS test
ordering practices, building discrete test orders instead of

miscellaneous test ordering in the EHR can support
institution-specific clinical pathway algorithms and be in-
tegrated into pre-existing order sets for easier physician
order entry.20 Moreover, when paired with laboratory in-
terfaces to enable sharing of diagnosis and insurance in-
formation, the burden of order entry for ancillary staff, and
possible error entry, is further decreased. If a tissue-based
NGS assay is ordered, linking a test order to a patient’s
biopsy specimen is vital.

Patient consent for NGS testing is also an important con-
sideration, especially given the risk of secondary findings
associated with NGS testing, even among somatic-focused
tests.34 In oncology, there are a growing number of genes
typically included on targeted-NGS assays that have impli-
cations for both therapeutic decision making and inherited
disease.9,10,35,36 As NGS testing expands to the whole exome
or genome, the exposure to secondary findings could po-
tentially increase.37 Patient consenting procedures inclusive
of secondary findings disclosure have been established for
germline testing,38,39 but consenting processes for oncology-
focused NGS tests are still evolving. Obtaining consent for
NGS testing empowers patients to decide what genetic in-
formation they are comfortable receiving, as some patients
may not want to know familial disease risks with preference
for single-gene or focused-indication molecular tests.40 NGS
secondary findings can also result in ethical quandaries,
especially in those instances where a provider is exposed to
likely pathogenic germline variants and the patient’s pref-
erence is not to receive such information.41 There have been
limited examples to date of liability cases regarding the return
of secondary findings that were discovered from somatic
NGS.42 If consenting for genetic testing was not performed
and secondary findings are reported, then legal ramifications
may exist, although liability risks have mostly focused on
negligent acts where secondary findings are not disclosed to
patients that could potentially cause future harm.42,43 The
value of secondary findings that have uncertain prognostic
value or have no currently viable clinical interventions has
been debated, including whether such results should be
reported.44,45 Although the focus of this review is on clinical
applications of NGS, it should be noted that the return of
NGS results to research participants continues to be debated
including the reinterpretation of research-grade NGS
information.46,47 Ultimately, patients should have the option
of electing to receive or not receive secondary findings, and
institutions in collaboration with legal experts can mitigate
liability risks by developing opt-out policies and procedures
that are applicable to scenarios where NGS results are
returned but not yet disclosed to unconsented patients. If a
patient’s preference is to not receive secondary findings,
certain reference laboratories may offer somatic NGS assays
that filter out known germline variants that are associated
with secondary findings. However, filtering of germline
variants may decrease opportunities for individualized
treatment strategies.
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Clinical decision support (CDS) tools embedded within the
EHR could assist with appropriate test utilization. For ex-
ample, CDS tools could alert providers to which patients
have not yet been consented for NGS testing. This ap-
proach could prevent the ordering of particular NGS assays
for those patients who do not want to be exposed to sec-
ondary findings and mitigate risks of ethical dilemmas. In
most clinical scenarios, comprehensive germline testing
assays should only be performed once during a patient’s
lifetime. Decision support tools could also prevent duplicate
ordering of germline tests that could be costly to the health
system and/or patients.

RESULT REPORTING, CURATION, AND STORAGE

Numerous methods are used for return of NGS results in-
cluding laboratory portals, electronic notifications, application
programming interfaces, and EHRs. The results are typically
presented to oncologists as a static PDF report that sum-
marizes important findings and, depending on the laboratory,
recommendations for molecularly guided therapy along with
clinical trial eligibility. A challenge with PDF documents is that
the results are not in a discrete, easily searchable format,
which precludes the ability to search for specific molecular
data months or potentially years later for clinical or research
purposes. Natural language processing pipelines are being
developed to extract and discretely curate genetic information
from PDF clinical reports,48 but this may capture only a
fraction of the data generated from NGS, thus not ultimately
meeting all research needs. Data files (eg, raw FASTQ se-
quence results) that often supplement the clinical reports
typically provide more granular NGS data.

There are inherent differences in how data files capture
NGS results, with each file type having unique consider-
ations for use (Table 1). A commonly encountered example
is the distinction between the initial raw NGS data and the
pathology-approved clinical report. Raw NGS data files may
be of utility for research purposes, but if the NGS results are
referred back to for clinical applications, then clinical re-
ports, Clinical Laboratory Improvement Amendments
(CLIA) compliant data files or CLIA compliant data pipe-
lines, that translate the raw data are necessary. However,
methodologies for analyzing NGS data can differ among
reference laboratories. Thus, even if CLIA compliant data
pipelines that accommodate numerous file types are built
in-house, there can still be discordance with reference
laboratories (eg, liquid versus tissue NGS assays) including
which variants are reported, the genome reference used to
annotate results (eg, Genome Reference Consortium ver-
sion h37 versus h38), and how variants are interpreted.49-51

Database systems that are scalable to accept massive
amounts of NGS data from differing file types can enable
curation and storage. A Negative Storage Model database
solution that can accommodate various data file format
inputs was developed at Moffitt Cancer Center where each
position in the genome is accounted for as reference,
variant, or missing, and a single file output converter
generates a gVCF file for each NGS assay performed.52

After identifying the data file formats that are desired for
clinical use along with curation and storage of NGS results,
there remains complexity with developing a consistent
route of transmission and ingestion of laboratory data. For
instance, data files may be received as data dumps often at

FIG 2. Example of a clinical pathway for metastatic NSCLC integrated into the EHR. Genetic testing considerations (ie, Thoracic NSCLCMolecular Testing)
that are inclusive of NGS assays are embedded within themetastatic NSCLC pathway. Molecularly guided therapeutic recommendations are provided if an
actionable genetic finding is present. For example, osimertinib is recommended as a treatment consideration for a tumor harboring an EGFRmutation that is
amendable to tyrosine kinase inhibitor therapy. EHR, electronic health record; NGS, next-generation sequencing; NSCLC, non–small-cell lung cancer.
© Cerner Corporation. Reproduced with permission.
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arbitrary or inconsistent time intervals. Application pro-
gramming interfaces for seamless integration of clinical
reports into the EHR and integration of supplemental data
files with local storage solutions are arguably the optimal
method for facilitating transmission of real-time results.
Creating efficiencies for the transmission of data is par-
ticularly critical for clinical care, as some patients may
urgently need the NGS results to help guide the next line of
therapy.

Another potential barrier to curation and storage of NGS
data is linkage of the returned results to the specimen used
for molecular interrogation. Numerous specimens can be
used for NGS including blood, tissue from the primary site
at time of diagnosis or progression, and tissue from sites of
metastatic disease across a continuum of time. The
specimen used and the timing of NGS testing could in-
fluence future therapeutic considerations, such as recog-
nizing acquired mutations over the course of disease
treatment that may be predictive of drug resistance. Fa-
cilitating the linkage between NGS results, the patient,
biologic specimen, test order, reference laboratory, and
annotating results as germline or somatic remains a
challenge, as each of these variables can affect the cor-
responding clinical actionability. A first step to addressing
this barrier is recognizing unique identifiers that are as-
sociated with each variable, mapping how each unique
identifier is interconnected, and incorporating data work-
flows into the overall architecture.

From the clinical perspective, an ultimate goal for curation
and storage of NGS results is to enable the harmonization of
discrete genetic information with other clinical data. Cus-
tomized data marts have the potential to link patient de-
mographics, performance status, renal and hepatic
function, drug allergies, prior treatment history, molecular
information, and other relevant clinical data. Incorporating
genotype-phenotype associations from publicly available
curated databases such as ClinVar, Precision Oncology
Knowledge Base (OncoKB),53 and Clinical Pharmacoge-
netics Implementation Consortium (CPIC)54 into data marts
could assist with quickly interpreting genetic results. Vi-
sualization tools embedded within customized data marts,
such as a timeline of prior treatment and NGS testing,
would enable clinicians to rapidly analyze clinical data and
plan a next line of therapy. Data mart visualization tools
could be used as part of tumor boards to summarize clinical
cases.55 Curation of discrete data can also facilitate the
querying of prior patients with similar disease and mo-
lecular characteristics to better understand treatment
outcomes and guide future treatment decision making.

As molecularly focused clinical trials continue to grow in
number, identifying those eligible for a trial can be difficult,
especially assessing prior NGS results every time a new trial
is opened to enrollment. Integrating molecularly focused
clinical trial inclusion and exclusion criteria into NGS data
marts has the potential to provide a real-time list of trial
opportunities for each patient and enable clinicians along
with clinical trial coordinators to retrospectively search for

TABLE 1. NGS File Types and Considerations for Use

File Name
File

Extension(s) Description Considerations for Use

FASTQ .fastq Text-based sequence file that stores both raw
sequencing data and quality scores

Demultiplexing converts base calls into raw sequencing data and quality
scores in FASTQ format

Analyses are needed to effectively use these files, but local methods may be
different from reference laboratory methods resulting in discordant results

SAM

BAM

.sam Text-based format for storing biologic
sequences aligned to a reference sequence

Binary version of an SAM file

Raw sequencing reads are aligned to the reference genome assembly,
resulting in alignments stored in SAM or BAM format

Typically the starting point for many downstream genetic variation analyses.bam

VCF .vcf Text-based format for storing gene sequence
variations

Tool uses alignments in SAM or BAM to identify sequence variations and
output in VCF

This could contain the test provider results, including indication of whether a
variant is included in the clinical report

gVCF .gvcf Text-based format for storing sequencing
information on both variant and nonvariant
positions; set of conventions applied to
standard VCF

Tool uses alignments in SAM or BAM format to identify variations and
nonvariations and output in gVCF accounting for the entire genome as
variant, reference, or missing

More precise than VCF, but not as widely used

Structured
text file

.xml Text file with defined structure. Can be a
standardized format (eg, XML)

Formatted output of mutation calling and filtering
The information content is not standardized and typically defined by the

reference laboratory
Each reference laboratory’s text file requires importation with separate

parsers, with clear documentation of the parsers by the reference
laboratory needed

.json

.yml

.txt

Abbreviations: BAM, Binary Alignment Map; gVCF, Genomic Variant Call Format; NGS, next-generation sequencing; SAM, Sequence AlignmentMap; VCF,
Variant Call Format; XML, Extensible Markup Language.
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eligible patients. Generation of operational reports that
summarize curated NGS results could assist with identi-
fying gaps in clinical trial portfolios and for investigators
considering opening a molecularly focused clinical trial
help determine if there are likely to be a sufficient number
of eligible patients. Beyond clinical trials, data marts could
also support other research opportunities, such as obser-
vational studies. Institution-specific, de-identified molec-
ular data could be linked to other sources of clinical and
patient-generated data and visualized in open-source tools
such as cBioPortal for hypothesis generation and cohort
identification.56,57 Data marts could also support efficiently
populating publicly accessible, shared resources inclusive
of the American Association for Cancer Research’s Project
GENIE initiative to allow for discovery and outcomes re-
search among large and diverse curated data sets.58

CLINICAL CONSULTATION SERVICES TO SUPPORT
INTEGRATION OF NGS INTO PATIENT CARE

The NGS results can be complex and time-consuming to
interpret, especially when rare or novel genetic variants are
reported, numerous resistance mutations are present, or
several options for targeted therapy are identified. Level of
evidence classifications has been developed to assist cli-
nicians with clinical decision making, which are based on
strength of evidence supporting the use of a particular
therapy to target a reported genetic variant.53,59-62 Although
these classifications are valuable for application of NGS to
patient care, there remain inherent limitations. Level of ev-
idence classifications may provide limited assistance for how
to interpret rare or novel genetic alterations. Patient char-
acteristics and preferences, which are not accounted for by
level of evidence classifications, can influence decision
making. Furthermore, level of evidence classifications, along
with recommendations provided by reference laboratories,
often focuses on single gene-drug pairs, which may limit
recommendations for targeting both a tumor driver and
acquired resistance mutation.63 Perhaps more importantly,
reference laboratory interpretations can be highly variable.
The same genetic variant can be interpreted as pathogenic,
a variant of uncertain significance or benign dependent on
the reference laboratory used for NGS testing.49

Clinical consultation services can assist with interpretation of
NGS results by bridging gaps between guideline limitations
and application to patient care. As an example, a Precision
Medicine Clinical Service was established at Moffitt Cancer
Center dedicated to review and interpret all NGS results
obtained as part of clinical care. Motivations for establishing
the precisionmedicine service included the following: (1) the
majority of reported genetic variants do not have well-defined
clinical applicability, thus requiring in-depth review pro-
cesses to determine actionability; (2) the need to harmonize
variability that can be observed across reference laboratory
NGS reports including how the genetic results are presented
and strength of front page recommendations; and (3) the
need to support busy clinics where there may be limited time

for NGS result interpretation.64 Patients are increasingly
undergoing multiple NGS tests inclusive of both liquid bi-
opsies and tissue-based assays, in part due to serial NGS
testing to identify acquired resistance mutations.65 Thus,
reconciliation of discrepancies that may be observed when
using multiple types of NGS assays is emerging as vital
clinical services.49,65

As part of Moffitt’s Precision Medicine Clinical Service, the
NGS results are reviewed at a weekly multidisciplinary case
conference to obtain consensus on the actionability of ge-
netic findings. Members of this multidisciplinary team in-
clude precisionmedicine specialists, pharmacists, molecular
pathologists, oncologists, and genetic counselors. If appli-
cable, therapeutic recommendations are provided that
consider patient characteristics, prior lines of therapy, and
patient preferences for clinical trials. For those cases where
consensus is not reached, a referral is made to a molecular
tumor board. The molecular tumor board includes oncolo-
gists across all oncologic and hematologic diseases, pa-
thologists, medical geneticists, pharmacists, and translational
research scientists.64 Similar to the Precision Medicine
Clinical Service, the molecular tumor board reviews NGS
findings and incorporates the patient’s medical history to
provide evidence-based recommendations for patient care.

The rapid growth of clinical NGS is likely to continue for the
foreseeable future. Both scalability and sustainability are
barriers to precision medicine consultation services.66

There will also be a need for multidisciplinary ap-
proaches, such as precision medicine and genetic coun-
selor clinical services collaborating on risk mitigation
strategies inclusive of therapeutics and disease risk.21,39

Information technology tools inclusive of data marts and
visualization tools could support scalability efforts by
allowing for efficient summary and analysis of NGS find-
ings. Automated approaches for genetic interpretations and
consultation notes that flow directly into the EHR could
expand clinical service capacity by minimizing the time
spent in documenting recommendations.67 EHR message
systems could be leveraged to directly communicate be-
tween consultation services and oncologists, with a consult
orderable in the EHR providing a streamlined approach for
oncologists to request NGS review. Challenges remain with
reimbursement models for precision medicine clinical
services.68 The potential for improved treatment outcomes,
mitigation of toxicities, and freeing up time for oncologists to
see patients instead of spending time in interpreting large
NGS panels may outweigh the institutional support needed
to provide precision medicine services.69

PRESENTATION OF THE NGS RESULTS WITHIN THE
ELECTRONIC HEALTH RECORD

The EHR has become a focal point for patient care delivery
within health systems, due in part to the Centers for Medicare
and Medicaid Promoting Interoperability Programs. Less
than a decade ago, there were only a few highly impactful
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genes rising to the level of being incorporated into EHRs for
guidance of therapeutic decision making. In a relatively short
period of time, NGS has emerged as a routine test offering in
oncology practice with numerous genetic variants associated
with drug response. Because of the rapid adoption of NGS,
EHRs have not yet evolved to fully incorporate large amounts
of clinically important genetic information.70,71 There are
several considerations for operationalizing NGS results within
EHRs including how to organize genetic information for
quick access, annotation of discrete results to support CDS,
and alerting providers in real time of targeted therapy op-
tions, clinical trial opportunities, and life-threatening gene-
drug interactions.

Similar to how discrete test names built into the EHR can
support test ordering, discrete test names can also facilitate
organization with the EHR to support the rapid identification
of desired test results.70,71 However, difficulties may still
arise with verifying which specimen was used for a par-
ticular NGS assay, especially for tissue specimens that
might have been collected several years before test or-
dering. For health systems with precision medicine or other
genetic focused clinical services, additional efforts may be
needed to locate consultation notes in the EHR. Organizing
data in a patient-centric, time-independent manner sup-
ports quick access to NGS results and associated speci-
mens used for testing, along with access to passive CDS
tools consisting of interpretations and other comments.72,73

Customized views of genetic information within the EHR
can streamline access to genetic results, pathology infor-
mation, and associated interpretations (Fig 3).

Active CDS inclusive of interruptive pop-up alerts that
provide clinicians with meaningful information at the point

of care can supplement EHR tools such as a Genomics
Tab.74,75 A barrier to implementing active CDS is the need
for discrete genetic data within the EHR, for example, using
DPYD genotype (eg, DPYD*2A/*2A) or phenotype (eg,
DPYD poor metabolizer) to trigger an alert warning of a
high-risk gene-drug interaction when a fluoropyrimidine is
ordered (Fig 4).15 Alert fatigue resulting in nonadherence
can also be a barrier to active CDS,76 with consideration
needed for what genetic information warrants an inter-
ruptive alert. Perhaps the field that has been at the forefront
of leveraging EHR infrastructure to drive genetics-focused
interruptive alerts is germline pharmacogenetics.77-79 EHR
terminologies and standards (eg, LOINC, SNOMED, and
HL7) have been developed to support the transfer of dis-
crete pharmacogenetic results from laboratories to EHRs or
other clinical databases.80 Comprehensive EHR terminol-
ogies and standards to support discrete annotation of
somatic NGS results, though, have not been fully devel-
oped. Efforts from initiatives such as the Electronic Medical
Records and Genomics network may illuminate innovative
methods for discrete annotation of both somatic and
germline NGS results in the EHR, although it is currently
difficult to envision that in the near future EHRs will store
the entirety of NGS results.78,79 A likely solution is database
systems, which are separate from the EHR, will securely
storemassive amounts of NGS results with interconnectivity
between data marts and EHRs to highlight clinically im-
portant results.

CLINICIAN AND PATIENT EDUCATION

Clinician and patient education has consistently been
identified as barriers to integrating genetic information into
patient care.66,81 Specifically, clinicians have identified a

FIG 3. Example of a customized view of genetic information within an EHR. Pertinent information associated with germline and somatic genetic testing is
summarized in a Genomics Tab. Genetic information includes pathology review and specimen reference number (ie, RV-20-0003434), genetic test results, and
consultation notes (eg, Personalized Medicine Case Review). EHR, electronic health record. © Cerner Corporation. Reproduced with permission.
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lack of knowledge on how to interpret genetic test results
and modify treatment plans as impeding clinical
applications.66 As NGS testing moves toward standard of
care for certain cancer diagnoses, there will be a need to
develop educational programs for clinicians that are in-
clusive of physicians, pharmacists, and nurses. It has been
proposed to incorporate clinical genetics into training
programs.73,82 As an example, all hematology-oncology
fellows at Moffitt Cancer Center must complete a one-
month rotation on the Precision Medicine Clinical Ser-
vice. For clinicians no longer in training, locally available
continuing education seminars inclusive of where to find
NGS results in the medical record, resources for inter-
pretation, and application to patient care are potential
solutions for increasing genetic knowledge. CDS can also
be employed as a tool for clinical education.

Educating patients on the role of NGS in oncology practice
will be of importance for genetic test consenting and
subsequent application to patient care. A combination of
education tools may be needed that range from printable
materials to videos and other interactive media.83 Patient
portals, mobile or voice applications, online resources, or
virtual consultations are other routes for patient-focused
genetic education. Consideration should be given to patient
preferences for content and delivery. For example, patient

portals may be a preferred route to receive education for
some, whereas others may prefer in person education.
Education content and delivery needs may also differ
across age ranges inclusive of pediatrics, young adults, and
senior adults. Additionally, education tools should also take
into consideration cultural differences along with any
preferences among racial and ethnic groups for content
and delivery.84,85 Collaboration with patients and patient
advocacy groups can help identify education needs and
effective delivery methods.86,87

In conclusion, NGS is becoming part of routine oncology
practice, driven in part by an exponential increase of
molecularly guided therapies. NGS results can also assist
with mitigating chemotherapy toxicity risks along with
optimizing supportive care drug selection and dosage.
We presented key considerations for application of NGS
results to patient care ranging from test ordering and
return of the results to clinical consultation services and
leveraging the EHR to disseminate genetic information.
As NGS is further integrated into patient care, education
of providers and patients will be vital. Successfully in-
tegrating NGS into patient care will assist with identifying
opportunities for targeted therapy and mitigating drug-
induced adverse effects. Combining genetic information
with informatics tools and specialized clinical services

FIG 4. Example of an interruptive gene-drug interaction clinical decision support alert within an EHR. DYPD poor metabolizer is discretely
documented in the EHR. Ordering of a fluoropyrimidine triggers a gene-drug interaction interruptive alert. DYPD, dihydropyrimidine dehydrogenase;
EHR, electronic health record. © Cerner Corporation. Reproduced with permission.
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can create a powerful arsenal to identify opportunities for
targeted therapy including clinical trial eligibility identi-
fication, assistance in guiding appropriate selection and

dosage of chemotherapy drugs along with supportive
care medicines, and mitigation of drug-induced adverse
effects.
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