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abstract

PURPOSENext-generation sequencing (NGS) of tumor and germline DNA is foundational for precision oncology,
with rapidly expanding diagnostic, prognostic, and therapeutic implications. Although few question the im-
portance of NGS in modern oncology care, the process of gathering primary molecular data, integrating it into
electronic health records, and optimally using it as part of a clinical workflow remains far from seamless.
Numerous challenges persist around data standards and interoperability, and clinicians frequently face dif-
ficulties in managing the growing amount of genomic knowledge required to care for patients and keep up
to date.

METHODS This review provides a descriptive analysis of genomic data workflows for NGS data in clinical oncology
and issues that arise from the inconsistent use of standards for sharing data across systems. Potential solutions
are described.

RESULTSNGS technology, especially for somatic genomics, is well established and widely used in routine patient
care, quality measurement, and research. Available genomic knowledge bases play an evolving role in patient
management but lack harmonization with one another. Questions about their provenance and timeliness of
updating remain. Potentially useful standards for sharing genomic data, such as HL7 FHIR andmCODE, remain
primarily in the research and/or development stage. Nonetheless, their impact will likely be seen as uptake
increases across care settings and laboratories. The specific use case of ASCO CancerLinQ, as a clinicogenomic
database, is discussed.

CONCLUSION Because the electronic health records of today seem ill suited for managing genomic data, other
solutions are required, including universal data standards and applications that use application programming
interfaces, along with a commitment on the part of sequencing laboratories to consistently provide structured
genomic data for clinical use.
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INTRODUCTION

Next-generation sequencing (NGS) of tumor and
inherited (germline) genomes has revolutionized and
refined cancer treatment during the past two decades
and is now vital for evaluating therapeutic opportu-
nities in many solid and hematologic malignancies.1

Currently, NGS panels including sets of genes are the
most widespread method of rapidly identifying se-
quence variation in patients with cancer. NGS panels
provide information for a variety of purposes, in-
cluding diagnostics (eg, determination of sarcoma
subtype), hereditary risk assessment (eg, Lynch
syndrome), prognosis (eg, KRAS mutations in lung
adenocarcinoma), and treatment selection (eg, bio-
markers for immunotherapy responsiveness, such as
tumor mutational burden and microsatellite in-
stability; therapeutic selection for clinically actionable
alterations, such as BRAF V600E in melanoma; and

biomarkers of resistance, such as loss of B2M for
immunotherapy).2,3 As a metric of the significance of
NGS in oncology care, 29 of the 43 National Com-
prehensive Cancer Network clinical practice guide-
lines denote specific sequence-based biomarkers
important for clinical care (Table 1). Of these 29
guidelines for treatment of cancer by site, 12 include
both somatic and germline biomarkers, 16 include
somatic only, and one includes germline only.

Recently, there has been an increased focus on
performing NGS on matched normal samples (either
adjacent tissue or blood) to compare with tumor bi-
opsies. The use of paired tumor and normal samples
supports improved fidelity of variant calling,4 increased
sensitivity in low-purity tumor samples,5,6 and un-
ambiguous delineation of germline mutations.4 The
identification of pathogenic germline variation not only
supports patient and familial risk management but is
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also embedded in guidelines and reimbursement for cer-
tain treatments (eg, poly [ADP-ribose] polymerase in-
hibitors for ovarian cancer). This is an example of how
clinical practice guidelines7 and reimbursement8 can lag
behind the evidence.

As the cost of sequencing continues to decrease, the
identification of actionable variants improves, and on-
cogenic pathways becomemore targetable, whole-exome
sequencing and whole-genome sequencing will likely
gain more traction over NGS panels.9 For instance, active
mutational processes can now be determined from
the mutational spectrum of single-patient samples that
have undergone whole-exome sequencing, allowing for
more personal dissection of the biology of a tumor.10

Tumor signatures predicting response to immune
checkpoint inhibitors will likely be refined soon, placing
pressure on NGS and biomarker data management
to support translation into evidence-based clinical care.11

Sequencing of heterogeneous tumor tissues containing
many cell types may eventually be supplemented by
single-cell sequencing, and this will magnify data
complexity.

NGS AND CLINICAL USE CASES

Routine Care

Molecular testing has become essential to oncology care.12

Survey data from 2017 showed that more than 75% of
oncologists used NGS tests to guide cancer treatment. Most
commonly, NGS was used in patients with advanced, re-
fractory cancers (consistent with the NGS National Cov-
erage Determination by the Centers for Medicare and
Medicaid Services13) and less commonly for patients with
rare cancers, cancers of unknown origin, or an initial
cancer diagnosis.1 The two most commonly cited clinical

purposes of NGS testing were to guide the on-label use of
a US Food and Drug Administration (FDA)–approved
therapy or to determine clinical trial eligibility. Multiple
molecularly targeted agents have now been incorporated
into standard patient management and reflected in nu-
merous guidelines.

Clinical Quality Measures

The 2019 Merit-Based Incentive Payment System (MIPS)
of the Centers for Medicare and Medicaid Services Quality
Payment Program contains 24 general oncology mea-
sures, two of which involve genetic testing (KRAS and
NRAS in patients with colorectal cancer).14 In addition,
a number of clinical quality measures in the ASCO Quality
Oncology Practice Initiative reference NGS testing, in-
cluding non–small-cell lung cancer (NSCLC) measures
evaluating the use and turnaround time of molecular
testing in patients with adenocarcinoma histology.15 As
clinical quality measurement evolves from clinician-
focused process measures to more patient-centric out-
come measures, it is reasonable to expect that more
measures will incorporate results from NGS panels and
potentially circulating tumor-free DNA testing to foster
appropriate diagnostic testing and therapy selection that
affect patient outcomes.

Clinical Trial Matching

Despite the critical need for patients with cancer to par-
ticipate in clinical trials, only 3% of US patients with
cancer actually do so, and 18% of National Clinical Trials
Network–sponsored phase II to III adult trials fail to accrue
enough patients to meet their statistical end points.16 With
eligibility being increasingly predicated on NGS testing,17

several computational clinical trial matching platforms
that leverage NGS data have been developed to more

CONTEXT

Key Objective
The amount of molecular knowledge required for patient care is exploding, but the minimal adoption of genomic data

standards in electronic health records compounds the challenges facing oncologists. Using examples from ASCO
CancerLinQ, this review covers the current status of next-generation sequencing, describes relevant data standards,
highlights the pilot of the genomic SMART-on-FHIR application, and provides a call to action for laboratories and electronic
health record vendors to ensure that the chain of data custody for structured genomic content remains unbroken and
reaches the clinician.

Knowledge Generated
Several genomic knowledge bases for variant interpretation are available to support clinicians. Nonetheless, transmitting next-

generation sequencing results via PDF hinders the use of decision support tools intended for clinical care, including trial
selection, and blocks the downstream reuse of genomic data.

Relevance
The consistent use of evolving standards (eg, HL7 FHIR and mCODE) should improve genomic data interoperability and care

quality. However, the full integration of genotype and phenotype will require an innovative and socially driven commitment
by all oncologic ecosystem participants, beginning with sequencing laboratories, to better leverage technologic solutions.
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efficiently assess eligibility criteria. The sweet spot is to
seamlessly integrate patient demographic, clinical, and
laboratory data from electronic health records (EHRs)
and match patient and trial locations, a major barrier to
enrollment.18

BACKGROUND AND DATA CHALLENGES OF INTEGRATING
INTO THE CLINICAL WORKFLOW

A comprehensive review of bioinformatic pipelines is be-
yond the scope of this article; the interested reader is re-
ferred to a recent review.19 However, to understand how
genomic data move from laboratory to clinical information
systems and are used by clinicians requires an analysis of
current data challenges.

Presenting Results to Clinicians and the Role of

Knowledge Bases

Despite the rapid advancements in NGS technology and
bioinformatic pipelines for identifying somatic and germline
alterations, major barriers still exist for efficiently imple-
menting interpreted results for use in clinical decision
making. Barriers include insufficient clinician knowledge,
training, and confidence regarding the use of NGS
results.20,21 Although many clinicians may take laboratory-
based interpretations at face value, numerous knowledge
bases have been created to aid oncologists and clinical
researchers in the curation and interpretation of NGS data.
These were developed largely because of the recognition
that institutional (local) knowledge based on a limited
sampling of the cancer population, including that pos-
sessed by testing laboratories, would not be sufficient to
capture the genomic diversity of any cancer type,
common or rare. Perhaps a surprise to clinicians, many
commonly tested genes, such as BRCA1 and BRCA2,
show considerable disagreement by interpreting labo-
ratories about the pathogenicity of genetic variants.22

One of the earliest resources to address this issue was
MyCancerGenome,23 created at Vanderbilt University in
2009. Since that time, there have been numerous en-
trants into an increasingly crowded field, with the most
well-known publicly available resources for variant in-
terpretation being CIViC,24 OncoKB,25and ClinVar,26 the
latter of which is the first FDA-recognized public genetic
variant database, housing ClinGen expert-curated
data.27 Each of these efforts was developed in relative
isolation and with slightly different goals, leading to
a divergence of data models, evidentiary models, and
user experiences. The Variant Interpretation in Cancer
Consortium, a driver project of the Global Alliance for
Genomics and Health,28 was founded with the mission
statement to help unify and harmonize the disparate
data sources. The Variant Interpretation in Cancer
Consortium now offers a product termed the meta-
knowledgebase, which aggregates and displays in-
formation from up to eight clinicogenomic knowledge
bases (Fig 1).29

TABLE 1. Inclusion of Genetic Testing in NCCN Cancer Site Guidelines

Cancer Site
S, G, B,
or N

Cancer Subtype
Details

Acute lymphoblastic leukemia (adult and AYA) S

Acute lymphoblastic leukemia (pediatric) S

Acute myeloid leukemia S

AIDS-related Kaposi sarcoma N

Anal carcinoma N

Bladder cancer B

Bladder cancer S

Upper tract tumors B

Urothelial carcinoma of the prostate N

Primary carcinoma of the urethra N

Bone S

Chondrosarcoma N

Chordoma S

Ewing sarcoma family of tumors S

Giant cell tumor of the bone N

Osteosarcoma N

Breast cancer G

CNS cancer S

Cervical cancer N

Chronic lymphocytic leukemia/small lymphocytic
lymphoma

S

Chronic myeloid leukemia S

Colon/rectal cancer B

Colon cancer B

Rectal cancer B

Esophageal and esophagogastric junction cancers S

Gastric cancer S

Gestational trophoblastic neoplasia N

Hairy cell leukemia S

Head and neck cancers N

Hepatobiliary cancers N

Hodgkin lymphoma N

Kidney cancer N

Malignant pleural mesothelioma N

Melanoma B

Cutaneous melanoma G

Uveal melanoma S

Multiple myeloma/other plasma cell neoplasms S

Multiple myeloma S

Systemic light chain amyloidosis S

Waldenström macroglobulinemia/
lymphoplasmacytic lymphoma

S

Myelodysplastic syndromes S

Myeloproliferative neoplasms S

(Continued on following page)
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Several challenges associated with knowledge bases must
be considered. The first is access and integration. Although
the aforementioned knowledge bases are free to users, they

are generally not integrated into the clinical workflow.30 The
second is trustworthiness and culpability. Can the asser-
tions made by knowledge bases be trusted? If advice is
erroneous, the primary responsibility clearly lies with the
managing clinician, but can knowledge bases also be held
culpable? Furthermore, advice can become outdated; this
must be expected to some degree, given the exponential
growth of the field and the lag between the announcement
of trial results, publication of findings, FDA labeling, and
revision of variant interpretations; however, poor recency of
data in knowledge bases will diminish trust. Finally, there is
the issue of user experience. Many knowledge bases
spend much effort on attractive so-called skins and
search abilities, but the degree to which clinicians
find these interfaces useful has not been extensively
studied.

Technological Challenges of Data Integration:

Opportunities With FHIR and mCODE

Integration of NGS results into the clinical workflow via
EHR interfaces must tackle several technologic chal-
lenges. In particular, interpreted genomic results are
generally reported in PDF format, which cannot support
electronic search, clinical decision support (CDS), or
secondary use.31 Moreover, the lack of a common data
model for genomic testing impedes all use cases by
hampering data storage and interoperability between EHR
systems and/or data warehouses, thereby hindering the
use of CDS tools intended to assist clinicians in caring for
their patients.

These issues have prompted the emergence of initiatives
aimed at improving genomic data standards and facilitating
genomic data interoperability. One of the broader initiatives
is the HL7 (Health Level Seven International) FHIR (Fast
Healthcare Interoperability Resources) standard for ex-
changing health information, with the overall goal of en-
abling semantic interoperability.32 FHIR can be used as
a companion to any EHR vendor technology and has a data
model for how health information should be structured that
is compatible with other common data models.33 A more
oncology-focused initiative is the mCODE (Minimal Com-
mon Oncology Data Elements) project, codeveloped by
ASCO and other collaborators, which aims to establish
a core set of structured data elements, including genomics,
with the goal of facilitating cancer data interoperability to
improve cancer data quality, clinical care, and cancer
research.34,35

POTENTIAL SOLUTIONS: A SMART-ON-FHIR EXAMPLE

Use of Application Programming Interfaces

To provide proof of concept that the structured data ele-
ments established through interoperability initiatives could
be used to exchange NGS results and integrate genomic
information into patient EHRs, two authors (J.R.C. and
J.L.W.) obtained sample genomic profiling reports from
Foundation Medicine Incorporated (FMI) under the

TABLE 1. Inclusion of Genetic Testing in NCCNCancer Site Guidelines (Continued)

Cancer Site
S, G, B,
or N

Cancer Subtype
Details

Neuroendocrine and adrenal tumors B

Neuroendocrine tumors of the GI tract, lung, and
thymus (carcinoid tumors)

G

Neuroendocrine tumors of the pancreas G

Adrenal gland tumors B

Pheochromocytoma/paraganglioma G

MEN1 G

MEN2 G

Non-Hodgkin’s Lymphomas S

Chronic lymphocytic leukemia/small lymphocytic
lymphoma

S

B-cell lymphomas S

Primary cutaneous B-cell lymphomas S

T-cell lymphomas S

Nonmelanoma skin cancers B

Basal cell skin cancer G

Dermatofibrosarcoma protuberans S

Merkel cell carcinoma N

Squamous cell skin cancer N

Non–small-cell lung cancer S

Occult primary (cancer of unknown primary) N

Ovarian cancer B

Epithelial ovarian cancer (including fallopian
tube cancer and primary peritoneal cancer)

B

Pancreatic adenocarcinoma B

Penile cancer N

Prostate cancer B

Small-cell lung cancer N

Soft tissue sarcoma B

Systemic mastocytosis B

Testicular cancer N

Thymomas and thymic carcinomas N

Thyroid carcinoma B

Uterine neoplasms B

Endometrial carcinoma B

Uterine sarcoma N

Vulvar cancer S

NOTE. Categorization of National Comprehensive Cancer Network (NCCN)
guideline44 by cancer site showing whether the guideline recommends somatic
testing (S), germline testing (G), both (B), or neither (N). Details for cancer site
subsets are shown where relevant. Genetic testing refers to short variations,
structural sequence variations, cytogenetic analyses, and mismatch repair assays.
Abbreviations: AYA, adolescent or young adult; MEN1, multiple endocrine

neoplasia type 1; MEN2, multiple endocrine neoplasia type 2.
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auspices of Sync for Genes.36 These reports were gener-
ated from proprietary pipelines used for the FMI Founda-
tionOne and FoundationACT NGS panels. Although
customers typically receive a PDF of the findings and in-
terpretations, FMI also sends XML files, based on a cus-
tom internal standard used to generate the PDFs, upon
request. These XML files include more detailed in-
formation than that presented in the PDF, some of which is
for research use only, and can be parsed to generate
information relevant for FHIR Resources and elements
(eg, variant allele fraction, sequencing depth and func-
tional effect for mutations, absolute copy number and
copy-number ratio for copy-number events, number of
supporting read pairs and identity of both genes involved
for rearrangements, and genomic location for all alter-
ations). Briefly, clinical fields such as patient, sample,
and physician information could be mapped to Patient,

Specimen, and Physician FHIR Resources, respectively.
Genomic fields such as alterations (eg, BRAF p.V600E,
amplification, rearrangement), therapies, and clinical trials
were mapped to elements of the Observation Genetics Re-
source, with more detailed genetic information (eg, chro-
mosome, start position, end position, variant allele frequency,
coverage, and variant type) mapped to the Molecular Se-
quence Resource. The entire FMI report was represented as
a Diagnostic Report Resource, which included references to
the Patient, Physician, Specimen, Observation Genetics, and
Molecular Sequence Resources. Furthermore, FHIR servers
enable easy and scalable exchange of genomic and health
information through a RESTful application programming
interface (API) service.31,37 By leveraging FHIR standards
and the HL7 API server, we were able to successfully in-
tegrate FMI NGS results into a test environment at Vanderbilt
University Medical Center.

FIG 1. Screenshot of the Variant Interpretation in Cancer Consortium (VICC) meta-knowledgebase user interface.45 Results are shown after searching
for BRAF V600E. The top section shows total count of prognostic or predictive assertions related to this gene-variant combination, the breakdown by
data source (five are shown), and the breakdown by assertion type per Association for Molecular Pathology (AMP)/ASCO/College of American
Pathologists (CAP) guidelines.46 The middle section cross-references drugs and diseases with the gene of interest (first column), as well as potentially
related genes (adjacent columns), which are automatically determined; heatmap colors indicate the quantity of evidence for a drug-gene or disease-
gene correlation. At the bottom, three of 682 results are shown in tabular format, with active links to the source URLs. Reproduced with permission. The
VICC meta-knowledgebase user guide is available online.47

NGS Data Challenges and Solutions

JCO Precision Oncology 5



SMART Precision Cancer Medicine

The SMART (Sustainable Medical Apps, Reusable Tech-
nology) application platform has been modified to leverage
FHIR APIs.38 We developed a SMART application from the
perspective of precision oncology: SMART Precision Cancer
Medicine (PCM).39 An open-source version of SMART PCM
can be found in the SMART App Gallery (https://gallery.
smarthealthit.org/apps/category/genomics).

SMART PCM was developed to fit into any clinical oncology
workflow with access to genomic data and consists of several
visualizations and interactive features to facilitate shared
decision making between oncologists and their patients; it
remains the only genomic application available on the
SMART App Gallery. The modular design (Fig 2) was
architected with four major goals: assist in clinical in-
terpretation of variants within context, provide links to external
resources, facilitate point-of-care physician-patient conver-
sations, and demonstrate that SMART-on-FHIR technology
can be used for a clinicogenomic use case. Current work on
the application includes enhancing the visualizations to ac-
commodate high-dimensional NGS panels, structural vari-
ants, and signature data (eg, tumor mutational burden) and
migrating from static links to API-based queries of
knowledge bases. If the ecosystem recommended by
Hughes et al30 comes to fruition, we would expect a pro-
liferation of such applications in the future.

CANCERLINQ: OPPORTUNITIES TO DEVELOP A
CLINICOGENOMIC DATABASE FOR PATIENT CARE
AND DISCOVERY

Background

CancerLinQ is a health technology platform developed and
implemented by ASCO that collects and analyzes real-world
cancer care data to deliver insights to oncologists, improve
the quality of patient care, and drive new research. Can-
cerLinQ aggregates structured and unstructured data from
EHRs and other sources via direct feeds and processes the
data in a series of cloud-based databases where it is
normalized and deidentified for secondary reuse.40

Database

The CancerLinQ database, now representing more than
1.5 million patients, contains vast amounts of detailed
longitudinal clinical data, such as demographics, di-
agnoses, laboratory results, and medications. However,
a significant volume of the data is not computable, because
many critical concepts (cancer staging, biomarkers, dis-
ease progression, and adverse events) reside primarily in
text notes and other unstructured documents and not in
discrete fields. To supplement the structured data and extract
critical information from clinical notes and other sources,
CancerLinQ employs technology-assisted manual data
curation services delivered by distributed teams of trained

Local systems

Web sites

RESTful APIs

MyCancerGenomeGeneWikiLDAP SSO

HemOnc.org

CIViC

OncoKB

PMKB

JAX-CKB
Foundation
Medicine

Health
Information
Systems

Security Module

• Authentication
• Authorization

Genome Knowledge Module

• Education
• Prognosis
• Genome-directed therapy

Patient Data Module

• Demographics
• Cancer data
• NGS panel data

SMART PCM

Presentation Module

“patients like this” treatment ranking genomic therapy

Regimen Knowledge Module

• Education
• Efficacy
• Toxicity

FIG 2. SMART (Sustainable Medical Apps, Reusable Technology) Precision Cancer Medicine (PCM) architecture diagram. The application is designed to
be modular and extensible, particularly in the ability to add presentation modules and interfaces to external data sources. External sources with the Fast
Healthcare Interoperability Resources (FHIR) logo can expose information using native FHIR; others require some degree of custom mapping. API,
application programming interface; CIViC, Clinical Interpretations of Variants in Cancer; JAX-CKB, Jackson Laboratory Clinical Knowledgebase; LDAP SSO,
Lightweight Directory Access Protocol Single Sign-On; NGS, next-generation sequencing; PMKB, Precision Medicine Knowledgebase.
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clinical abstractors. Although natural language processing
technology itself has not yet demonstrated sufficient pre-
cision or recall to be used as a standalone solution, it has

been successfully embedded in the curation workbench
used by the data abstractors, where it functions to surface
putative data elements from unstructured text that can then
be confirmed or disregarded.

Curation of Genomic Data From NGS Panels

in CancerLinQ

As noted, NGS panels are typically brought into the EHR as
PDFs or scanned faxes and therefore are not computable.
However, since 2017, CancerLinQ has been extracting
high-value genomic information via user interface–assisted
data abstraction. CancerLinQ has also obtained and pro-
cessed structured genomic reports in XML format and is
evaluating automated processes to scan and extract data
from reports with standardized formats.

The magnitude of the genomic data gap in native EHRs is
considerable and shows how poorly precision oncology is
supported. Only one third of practices in the CancerLinQ
database have any structured BRCA1 or BRCA2 gene test
results, with results coming predominantly from two
practices. Approximately 1.5% of patients with breast or
ovarian cancer have natively structured BRCA1 or BRCA2
results, whereas curation has abstracted 5,004BRCA1 and
4,235 BRCA2 results from 36,346 records. Similarly, for
advanced NSCLC, 85.3% of curated patient records had
epidermal growth factor receptor tests, but structured
epidermal growth factor receptor data were found in native
EHRs for only 1.7% of all records for patients with advanced
NSCLC.

It is worth noting that although CancerLinQ has developed
various technical solutions to structuring genomic data as it
is housed in EHRs, all NGS data are originally generated as
structured data by molecular diagnostics laboratories. The
data capture of the various chemistries that underlie NGS
sequencing, as well as the components of bioinformatic
pipelines (sequence aligners, variant callers) and even
clinical report production, comprises machine-readable,
structured genomic data. More properly, curation of NGS
reports restructures the data, at a significant cost, along
with some erosion of data quality. The technical solutions
CancerLinQ has painstakingly developed would not be
necessary at all if the originally structured data were
provided.

A stark example of how data quality is diminished when
optical character recognition, needed to parse genomic
reports, is applied, particularly to scanned images (eg,
faxed reports) and tables, is listed in Table 2. Downstream,
quality-assurance processes remove nonstandard terms,
favoring data gaps rather than inaccuracies, but the overall
effect is data erosion.

CALL TO ACTION FOR RETAINING STRUCTURED
GENOMIC DATA

The utility and importance of NGS testing in oncology care
are evident from the incorporation of such testing into 67%

TABLE 2. Two Unique EGFR Sequence Variations With Multiplicity of
Representations
Variant Representation and Type OCR Transformation

Standard HGVS representation

NM_005228.4(EGFR):c.2573T.G
(p.Leu858Arg)

Variant string

L858R

L8S8R 5 → S

L8SSR 5 → S, 8 → S

LB58R 8 → B

LB5BR 8 → B, 8 → B

exon 21 codon L858 mutation L858R

exon 21 for mutation p.L858R

exon 21 for mutation, p.L858R

exon 21 for mutation, p.L858R

Exon 21(L858R)

exon 21, L858R

exon 21, p. L858R

exon 21 L05BR 8 → 0, 8 → B

EXON 21 L858R

Exon 21 L858R

exon 21 L858R

EXON 21 L858R

Exon 21 L85SR 8 → S

Standard HGVS representation

NM_005228.4(EGFR):c.2582T.A
(p.Leu861Gln)

Variant string

L861Q

1861Q L → 1

L86lQ 1 → I

L8B1Q 6 → B

L8G1Q 6 → G

exon 21/L861Q

NOTE. Unique text strings are shown for two well-known EGFR gene variations
abstracted during curation of unstructured genomic reports that were obtained
from electronic health records of practices participating in CancerLinQ. Optical
character recognition (OCR) was applied to transform scanned images into
machine-readable text. The unique variation NM_005228.4(EGFR):c.2573T.G
(p.Leu858A) has 18 representations, and NM_005228.4(EGFR):c.2582T.A
(p.Leu861Gln) has six representations. These variants all require downstream
harmonization to the standard Human Variation Genome Society (HGVS)
expression,48 shown above each set. The lack of standards used in clinical genomic
reports is revealed by the multiplicity of text strings for both variations. Entries with
(presumed) transformation by the OCR process are shown on the right. These are
generally improper expressions that would be discarded at the quality assurance
stage, resulting in loss of information for a large proportion of patients.
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of National Comprehensive Cancer Network guidelines as
well as payment incentives (eg, MIPS) and quality programs
(eg, Quality Oncology Practice Initiative). Clinical trial eligi-
bility in oncology increasingly incorporates genomic bio-
markers, and the FDA has beenmodernizing its policies and
review processes for cancer, resulting in an avalanche of new
agents and approved indications for targeted therapies.41

There is no dearth of CDS tools to help translate patient data
into quality care, nor is there a lack of technical solutions to
transmit, harmonize, curate, store, or otherwise manage
data. Rather, operationalizing precision oncology is ham-
pered by insufficient adoption of data standards and by
failure to share data in computable formats. These prob-
lems are not primarily technical, and solving them requires
a will to action, with social incentives and disincentives.

For example, NGS test results that are natively structured
are sent to ordering physicians and stored in their EHRs,
but in a manner that requires costly and data-lossy curation
to restructure back into usable information. Considering
that the genomic results are reimbursed through federal
and private insurers, but the reporting format impedes their
utility to clinicians, we call for all molecular diagnostic
laboratories to provide structured data as part of routine
reporting at the request of ordering physicians and their
practices. This would help laboratories meet the definition
of interoperability by the 21st Century Cures Act34 to fa-
cilitate health information exchange without special effort
on the part of the user while avoiding the Act's prohibition of
information blocking.

It is notable that on the basis of curated records, structured
BRCA1 or BRCA2 gene test results are extremely under-
represented among the 10 EHRs used by the more than
50 CancerLinQ practices. This calls into question whether
EHRs are technologically competent to house genomic
results and whether EHR vendors in general have a will to
support precision oncology. It is possible to integrate ge-
nomic and clinical data from APIs externally to native EHRs,
but greater cooperation is needed from vendors to export
clinical data for CDS use and to provide a seamless ex-
perience for the clinician, whose attention is tethered to
the EHR.

Adoption of data standards, including HL7 FHIR and
mCODE, by all the entities that generate, transmit, and
receive health information would also facilitate the
implementation of precision oncology. The endless
customizability of EHRs is at odds with health in-
formation technology interoperability and suboptimally
supports automated quality measure reporting as re-
quired by MIPS.42,43 The dearth of coding for cancer
staging, laboratory data, and medications within EHRs
could be rectified by adopting widely used standard
vocabularies, which would facilitate the computable
representation of patients’ oncology records as envi-
sioned by mCODE. To the extent that the complexity of
clinicogenomic data is a barrier to enhancing care using
NGS technology, we endorse the implementation of
solutions in the social sphere to leverage the technical
solutions at hand.
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