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GA4GH Phenopackets: A Practical Introduction

Markus S. Ladewig, Julius O. B. Jacobsen, Alex H. Wagner, Daniel Danis, Baha E|
Kassaby, Michael Gargano, Tudor Groza, Michael Baudis, Robin Steinhaus,
Dominik Seelow, Nikolaos E. Bechrakis, Christopher J. Mungall, Paul N. Schofield,
Olivier Elemento, Lindsay Smith, Julie A. McMurry, Monica Munoz-Torres,

Melissa A. Haendel and Peter N. Robinson*

The Global Alliance for Genomics and Health (GA4GH) is developing a suite
of coordinated standards for genomics for healthcare. The Phenopacket is a
new GA4GH standard for sharing disease and phenotype information that
characterizes an individual person, linking that individual to detailed
phenotypic descriptions, genetic information, diagnoses, and treatments. A
detailed example is presented that illustrates how to use the schema to
represent the clinical course of a patient with retinoblastoma, including
demographic information, the clinical diagnosis, phenotypic features and
clinical measurements, an examination of the extirpated tumor, therapies, and
the results of genomic analysis. The Phenopacket Schema, together with
other GA4GH data and technical standards, will enable data exchange and
provide a foundation for the computational analysis of disease and phenotype

1. Introduction

The Global Alliance for Genomics and
Health (GA4GH), a policy-framing and
technical standards-setting organization,
is developing a suite of coordinated stan-
dards to enable responsible genomic
and related-health data sharing.'! The
Phenopacket is a new GA4GH schema
for sharing disease and phenotype in-
formation. A Phenopacket characterizes
an individual person or biosample, link-
ing that individual to detailed phenotypic
descriptions, genetic information, diag-
noses, and treatments. The Phenopacket

information to improve our ability to diagnose and conduct research on all

types of disorders, including cancer and rare diseases.

schema supports the FAIR principles
(findable, accessible, interoperable, and
reusable), and computability.> Specif-
ically, Phenopackets are designed to be
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both human and machine-interpretable, enabling computing
operations and validation on the basis of defined relation-
ships between diagnoses, lab measurements, and genotypic
information.?!

The Phenopacket schema enables comparison of sets of phe-
notypic attributes from individual patients. Such comparisons
can aid in diagnosis and facilitate patient classification and strat-
ification for identifying new diseases and treatments.?l The
Phenopacket schema is designed to support interoperability be-
tween people, organizations, and systems that comprise the
worldwide effort to understand human disease. The structure
of the information in a phenopacket was designed for integra-
tion within clinical laboratories, journals, data repositories, pa-
tient registries, electronic health records (EHRs), and knowledge
bases. Increasing the volume of computable data across a diver-
sity of systems will support global disease analysis by integrating
genotype, phenotype, and other multi-modal data for precision
health applications.

Because of the broad range of intended use cases and the
large number of terminologies and ontologies in use by different
communities, the Phenopacket Schema is intentionally flexible
with respect to which elements are required and which termi-
nologies or ontologies must be used. Nonetheless, a given hos-
pital, project, or research consortium may wish to apply differ-
ent constraints. For instance, a Mendelian genetics consortium
might stipulate the use of Human Phenotype Ontology (HPO)
terms(?! to describe phenotypic abnormalities, and a cancer ge-
nomics consortium might require that each phenopacket have a
biosample for a tumor biopsy in which National Cancer Institute
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Thesaurus (NCIT) terms!*l are used to describe the histological
features and other phenotypic characteristics.

In this article, we demonstrate the features of the GA4GH
Phenopacket based on a typical clinical case report of a child with
retinoblastoma.] Retinoblastoma is a malignant tumor of the de-
veloping retina that typically occurs in children. Retinoblastoma
is the most common eye cancer in childhood, but still a relatively
rare disease, occurring in approximately one in 16 000-18 000
live births worldwide.[®] The most common presenting signs are
white pupillary reflex (leukocoria) and squinting (strabismus).
Most affected children are diagnosed before the age of 5 years.
Standard examination methods include, in particular, ophthal-
moscopy, sonography, and—especially for staging purposes—
magnetic resonance imaging. The chance of recovery and of
preservation of eyesight depends very much on the spread of the
tumor inside and outside the eye. The main therapeutic goal is
always to save the life of the patient, which means primarily a
complete removal of the tumor, while clinical management aims
to preserve the eyeball and as much of the vision as possible.”]
Retinoblastoma can occur sporadically or as a Mendelian trait. Ac-
cording to the Knudson hypothesis,®! development of retinoblas-
toma is initiated if both RB1 alleles have acquired disease-causing
mutations. In sporadic forms, both mutations occur in somatic
cells; in heritable retinoblastoma, the first RB1 mutation is inher-
ited and only the second mutation occurs as a somatic event. In
some cases, the first mutation occurs de novo either as a germline
variant or a somatic mosaic.’! The RB1 gene is located at chro-
mosome 13q14. Some patients have large 13q deletions that con-
tain the RB1 gene.'”) Germline or de novo mosaic 13q dele-
tions can involve the surrounding genes delineating a contiguous
gene syndrome characterized by retinoblastoma, developmental
anomalies, and facial dysmorphisms.['!) Mosaicism results from
postzygotic mutation that occurs during early embryonic devel-
opment and can lead to germline or somatic mosaicism, poten-
tially causing a less severe and/or variable phenotype compared
with the equivalent constitutive mutation.['?!

2. Basic Introduction to Protobuf

The Phenopacket Schema is a data model that is represented
using the open source protocol buffers framework developed
by Google. Protocol buffers (“protobuf” for short) provide a
language-neutral, platform-neutral, and extensible mechanism
for serializing structured data. They are used extensively in inter-
server communications as well as for archival storage of data on
disk.[!*] The data schema is described in .proto files and specifies
how data is to be serialized (stored) as a hierarchical structure
with key-value pairs similar to JSON or XML. However, in con-
trast to these formats which are written in plain text, data that is
encoded using protobuf can be exchanged in a memory-efficient
binary format. The protobuf file can be converted by the proto-
buf compiler into many different computer languages, including
Java and Python, which provides a widely used framework for
working with phenopackets. Additionally, protobuf can easily be
converted into JSON or YAML for human consumption.['*

In protobuf terminology, a message is a data structure that can
contain multiple fields. Messages can be combined hierarchically
so that one message contains another message. The .proto files
define the structure of messages and the data types of the fields,

© 2022 The Authors. Advanced Genetics published by Wiley Periodicals LLC
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(a) (b)

()

message OntologyClass { - {
string id = 1; id: "HP:0001875" id: "HP:0001875";
string label = 2; label: "Neutropenia" label: "Neutropenia"
} }

Figure 1. Phenopackets Protobuf message comparison. (a) Definition of OntologyClass, a data type in the Phenopacket Schema, in protobuf. (b) Rep-
resentation of an instance of OntologyClass (representing the HPO term for neutropenia) in a YAML format. (c) Equivalent representation in JSON

format.

Phenopacket

A t P, A
(Individual) [DiseaseJ ﬂnterpretation] [ saﬁ%?)le j I\[/]Ig;[g [ Medical Action ]
| BB
HtSF'le ‘ Vital \Kar otypi [ iati
ypic Progress Phenotypic || Proce- || Treat- || Therapeutic || Radiation
Status exp Stgtus Measurement Featu¥g dure | ment Regﬁnen Therapy
Hts
orma [ Genomic J Time ;
A (]se High-level themes
Interpretatlon Element @M O Person / Family / Cohort
T O Disease / Interpretation
- Genomic interpretation
Gene Inter retatlon Variant Age Gestatlonal Tlme OM dical acti
Descriptor ][ Satus j( Interpretatlunj Rar;ge Age  )\Interval 8Pr?erl1%atygﬁ:lgagture
Time Multi-purpose elements
stamp Age

Figure 2. Phenopacket Schema overview. The GA4GH Phenopacket Schema is a hierarchical structure that consists of two required fields, id and Meta-
Data, as well as eight optional fields, Individual, Disease, Interpretation, Biosample, PhenotypicFeature, Measurement, MedicalAction, and files, each
of which is discussed in this article. A detailed version of the schema, including elements from VRS/VRSATILE, is shown in ref. [2].

including integers, strings, floating point numbers, and times-
tamps (Figure 1).

In this article, we present a detailed example that shows how
to encode various kinds of clinical data using the Phenopacket
Schema. We will not discuss computational tools for creating
phenopackets, which include Java and Python frameworks avail-
able from the protobuf framework itself. For readability, we will
display phenopacket data using YAML, an intentionally human-
friendly data serialization language that is one of the many differ-
ent formats in which Phenopackets can be represented includ-
ing YAML, JSON, binary (protobuf), RDF, and SQL. YAML and
JSON versions of the complete phenopacket presented here are
available as Supplementary files 1 and 2.

3. Overall Structure of the Phenopacket

The GA4GH Phenopacket Schema contains several optional ele-
ments to represent a case report. The current example uses many
of the optional fields. The Phenopacket represents the entire case
report with information about the patient (Individual), the clin-
ical diagnosis (Disease), several phenotypic features (Phenotyp-
icFeature), clinical measurements (Measurement), an examina-

Advanced Genetics 2023, 4, 2200016 2200016 (3 of 12)

tion of the extirpated tumor (Biosample), therapies (MedicalAc-
tion), and the results of genomic analysis (GenomicInterpreta-
tion) (Figure 2).

Phenopacket Schema is capitalized as a proper noun to refer
to the data schema, however one should write “phenopacket” in
lower case when one is referring to a phenopacket that represents
an individual case. The following examples illustrate common
use cases but do not present all of the fields in the Phenopacket
Schema. Comprehensive documentation is available online.[**]
This article does not cover how to create phenopackets compu-
tationally, although we touch on this topic in the Discussion. In-
stead, we present a detailed example that is intended to help im-
plementers and users of phenopackets understand their scope
and capabilities.

4. Retinoblastoma and Mosaic 13q Deletion: A
Case Report

For this example, we present a 6-month-old child with retinoblas-
toma owing to a de novo mosaic deletion on 13q involving mul-
tiple genes, including RBI. She first came to medical attention
because of leukocoria, strabismus, and retinal detachment in her

© 2022 The Authors. Advanced Genetics published by Wiley Periodicals LLC
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(a) (b)

id: "proband A"

timeAtLastEncounter:
age:
iso8601duration: "P6M"
sex: "FEMALE"

karyotypicSex: "XX"

phenopacket: vitalStatus:
id: "arbitrary.id" status: "DECEASED"
subject: timeOfDeath:

causeOfDeath:

survivalTimeInDays: 153

timestamp: "2015-10-01T10:54:20.021Z"

id: "NCIT:C36263"
label: "Metastatic Malignant Neoplasm"

Figure 3. Phenopacket messages. This Figure as well as Figures 4-12 show excerpts of the phenopacket with line numbers added. (a) Line 1 shows

W n

the beginning of the phenopacket (in a YAML file that only contains a single phenopacket, line 1 would contain a “~" instead of “phenopacket”). Line
2 contains the identifier of the phenopacket, which is required to be present but whose syntax is arbitrary and generally should be specified by the
application. Lines 3-9 show the Individual message. (b) An example vitalStatus message for another example patient (not related to the example) that
indicates the time and cause of death as well as the survival time following the primary diagnosis.

left eye. Diagnostic workup included whole-genome sequencing
(WGS) of germline DNA, which led to the identification of the
de novo 13q deletion. Treatment included first intra-arterial mel-
phalan infusions, which had to be discontinued because of ad-
verse effects (vasospasm). Treatment with a regimen of three
chemotherapeutic agents was attempted, but removal of the af-
fected eye (enucleation) became necessary because of lack of re-
sponse to the regimen. Histological investigation of tissue from
the enucleated eye revealed several typical findings including
apoptotic and necrotic cells and Flexner-Wintersteiner rosettes.
WGS of DNA from the tumor sample revealed a somatic single-
nucleotide variant in RB1 (“second hit”).’! For demonstration
purposes, some clinical features were added to the original case
report. The following sections show how individual components
(messages) of the Phenopacket Schema can be used to represent
the clinical information from the case report.

5. Individual

Each phenopacket describes one individual. In many cases, the
individual is a patient or a proband of a study, but phenopack-
ets can be used to represent information about controls as well.
The subject of the phenopacket is represented by an Individual
message that contains fields for an identifier, the date of birth or
age at the latest clinical encounter, the vital status, the sex, gen-
der, and karyotypic sex. The majority of fields in Individual (and
of the other elements of the Phenopacket Schema) are optional
and can be left out if no information is available or if the field
is not relevant for the intended use case. For instance, the date
of birth field should not be used if a phenopacket is intended to
be shared, and the karyotypic sex element should only be used
if the results of chromosome analysis are available. The age (or
age range) of the individual can be represented in a number of
ways, some of which preserve privacy and are intended for re-
sponsible data sharing, and some of which are more precise. If
the phenopacket is not intended to be shared broadly and the
birthdate and the date of the last encounter need to be recorded,
a TimeStamp message can be used to represent this information
precisely. In many cases, the birthdate will be omitted and the
age can be represented using an ISO 8601 string. For instance,

Advanced Genetics 2023, 4, 2200016 2200016 (4 of 12)

the age of 42 years, 7 months, and 13 days would be represented
as P42Y7M13D. One can also represent the age as P42Y without
specifying the month or days, or one can use an AgeRange mes-
sage to indicate that the individual’s age lies within a given range,
which may be desirable to help preserve privacy. All information
in a phenopacket refers to this individual.

In the current case, the following information was provided
about the patient in the original publication.

“A 6-month-old girl conceived by in vitro fertilization (IVF)
(own oocytes and anonymous donor sperm) was admitted to the
hospital because of leukocoria and strabismus. Past medical his-
tory and physical examination were unremarkable except for clin-
odactyly of the right fifth finger. Indirect ophthalmoscopic exami-
nation and examination under anesthesia was performed by oph-
thalmologists. Orbital ultrasound and magnetic resonance imag-
ing (MRI) scans showed a 14 x 13 x 11 mm left eye tumor lo-
cated in the lower-external retinal side. Retinal detachment was
also detected.”

The Phenopacket representation of the clinical information
for this case is shown in Figures 3a-12. The patient id is arbi-
trarily defined as “proband A”. Based on the case report, several
key features were included in the Phenopacket representation.
We define the age of the patient as 6 months (P6M) and the sex
as female. For the sake of example, we have indicated the kary-
otypic (chromosomal) sex of the proband, although chromosome
analysis would not typically be performed for this clinical indi-
cation (Figure 3a). Additionally, the gender field can be used to
specify the self-identified gender of an individual using an on-
tology term,['®) and the vitalStatus message can be used to indi-
cate if a patient is alive or deceased (an example unrelated to the
retinoblastoma case is shown in Figure 3b).

6. PhenotypicFeature

The PhenotypicFeature is the central element of the Phenopacket
Schema. A PhenotypicFeature can be used to describe each phe-
notypic feature (often, but not necessarily, clinical abnormalities)
including signs and symptoms, laboratory findings, imaging,
and electrophysiological results, along with modifier and qual-
ifier concepts. Each phenotypic feature is described using an

© 2022 The Authors. Advanced Genetics published by Wiley Periodicals LLC
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4 .
10 phenotypicFeatures:
11 - type: 29 - type:
12 id: "HP:0030084" 30 id: "HP:0000486"
13 label: "Clinodactyly" 31 label: "Strabismus"
12+ modifiers: 2 modifiers:
15 - id: "HP:0012834" 33 - id: "HP:0012835"
16 label: "Right" 3 label: "Left"
17 onset: 35 onset:
18 age: 36 age:
19 iso8601duration: "P3M" 37 iso8601duration: "P5M15D"
20 - type: 38 - type:
21 id: "HP:0000555" 39 id: "HP:0000541"
22 label: "Leukocoria" 10 label: "Retinal detachment"
23 modifiers: 11 modifiers:
24 - id: "HP:0012835" 12 - id: "HP:0012835"
25 label: "Left" 13 label: "Left"
26 onset: 14 onset:
27 age: 15 age:
= iso8601duration: "P4M" 16 iso8601duration: "P6M" )

Figure 4. List of PhenotypicFeatures. Clinodactyly, which is not known to be related to retinoblastoma and is presumably an incidental finding, was noted
at the age of 3 months (P3M). Leukocoria was noted at the age of 4 months, strabismus at the age of 5 months and 15 days, and retinal detachment at

the age of 6 months.

ontology term. One can indicate whether a certain abnormality
was excluded during the diagnostic process (e.g., whether a mor-
phological cardiac defect was excluded by echocardiography),
or optionally use other HPO terms to denote the severity of
the phenotypic feature or add other modifiers that describe the
frequency (e.g., number of occurrences of seizures per week), lat-
erality (e.g., unilateral), or another pattern of a certain phenotypic
feature in the patient being described. Finally, the onset (and if
applicable the resolution) of specific features can be indicated
(Figure 4).

7. Measurement

The Measurement message is used to capture quantitative, or-
dinal (e.g., absent/present), or categorical measurements. For
some applications such as phenotype-driven genomic diag-
nostics of rare disease, qualitative representations of pheno-
typic abnormalities are appropriate, e.g., “Ocular hypertension”
(HP:0007906), which denotes an increase of the intraocular pres-
sure that is 2 standard deviations or more above the population
mean. For other use cases, such as following the development of
some parameter over time, the original quantitative values may
be preferable, and can be represented using the Measurement
element. Eyes that harbor a retinoblastoma characteristically dis-
play increased intraocular pressure.l'’] In our example, the pa-
tient is noted to have an intraocular pressure of 25 mm Hg, which
is above the normal range, observed in the eye affected by the
retinoblastoma (left eye). Measurement messages can be used to
represent normal measurements; for instance, in our example
the right eye was not affected by retinoblastoma and displayed a
normal intraocular pressure of 15 mm Hg, measured with the
Perkins tonometer.l'’”] Both measurements include the reference
(normal) range of 10-21 mm Hg (Figure 5).

Advanced Genetics 2023, 4, 2200016 2200016 (5 of 12)

C
15 - assay:
19 id: "LOINC:79893-4"
label: "Left eye Intraocular pressure"
value:
quantity:
unit:
id: "U0:0000272"
label: "millimetres of mercury"
value: 25.0
57 referenceRange:
unit:
id: "56844-4"
label: "Intraocular pressure of Eye"
low: 10.0
high: 21.0
timeObserved:
age:
iso8601duration: "P6M"
- assay:
67 id: "LOINC:79892-6"
8 label: "Right eye Intraocular pressure"
value:
quantity:
7 unit:
72 id: "U0:0000272"
7 label: "millimetres of mercury"
7. value: 15.0
referenceRange:
76 unit:
77 id: "56844-4"
78 label: "Intraocular pressure of Eye"
79 low: 10.0
high: 21.0
timeObserved:
age:
iso8601duration: "P6M"

7 measurements:

N

Figure 5. Measurement. A) Measurements of intraocular pressure (IOP)
in the left eye (lines 48-65) and right eye (lines 66-83).

/
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8. Biosample

A Biosample contains information about the examination of bi-
ological specimens from which the substrate molecules (e.g.,
genomic DNA, RNA, proteins) for molecular analyses (e.g., se-
quencing, array hybridisation, mass-spectrometry) are extracted.
Examples would be a tissue biopsy, a single cell from a culture for
single cell genome sequencing, or a protein fraction from a gra-
dient centrifugation. Several instances (e.g., technical replicates)
or types of experiments (e.g., genomic array as well as RNA-seq
experiments) may refer to the same Biosample.

In our example, the Biosample message contains informa-
tion about the histology of a “retinoblastoma” (NCIT:C39853)
removed by “enucleation” (NCIT:C48601) of the “left eye”
(UBERON:0004548) and classified as “Retinoblastoma pT3
TNM Finding v8” (NCIT:C140720). Histology further showed a
“Flexner—Wintersteiner rosette formation” typical of retinoblas-
toma, in addition to “Apoptosis and Necrosis” (Figure 6).

While a Biosample message could be used to describe routine
blood or buccal swab samples used for analysis of germline DNA,
if the specifics of the collected tissue are not deemed relevant
for the analysis, the information can be omitted (in this case, the
subjectOrBiosampleld of the relevant Genomiclnterpretation el-
ement should be set to the proband id; see below).

9. Interpretation

A Phenopacket can contain one or more Interpretation elements
that specify interpretations of genomic findings. For instance, a
report from a diagnostic laboratory about a variant interpreted to
be causal for a certain Mendelian disease may be represented as
an Interpretation element. Another example would be a report of
an actionable somatic variant for which a targeted cancer therapy
is available.

As a GA4GH standard, the Phenopacket Schema integrates
with and leverages other GA4GH standards when applicable.
The Phenopacket Schema uses the computational precision
of the GA4GH Variation Representation Specification (VRS)
while maintaining the flexibility of describing variation us-
ing human-readable variant description formats such as SPDI
(NCBI sequence, position, deletion and insertion model)['®l and
HGVS®! through collaborative development and adoption of
the VRS Added Tools for Interoperable Loquacious Exchange
(VRSATILE).[?%] VRSATILE provides two primary object classes
that are used in the Phenopacket Schema: the VariationDescrip-
tor and the GeneDescriptor. These descriptor classes allow the
extension of computationally precise concepts (e.g., VRS alle-
les, HGNC gene identifiers) with common additional attributes
for systems to describe these concepts (e.g., identifier cross-
references, HGVS descriptions, gene symbols, and informative
contexts such as variant zygosity). This collaborative framework
bridges existing variant representation formats and implemen-
tations to the more computationally precise concepts enabled by
VRS.

In our example, the patient was found to have one mosaic
13q germline deletion and one somatic missense mutation. A
phenopacket can contain one or more Interpretation messages,
whereby each Interpretation refers to a single disease that is spec-
ified in the diagnosis field. The Interpretation contains a list of
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biosamples:
- id: "biosample.1"
sampledTissue:
id: "UBERON:0000970"
label: "eye"
phenotypicFeatures:
- type:
id: "NCIT:C35941"
label: "Flexner-Wintersteiner Rosette Formation"
- type:
id: "NCIT:C132485"
label: "Apoptosis and Necrosis"
measurements:
- assay:
id: "LOINC:33728-7"
label: "Size.maximum dimension in Tumor"
value:
quantity:
unit:
id: "U0:0000016"
label: "millimeter"
value: 15.0
timeObserved:
age:
iso8601duration: "P8M2W"
tumorProgression:
id: "NCIT:C8509"
label: "Primary Neoplasm"
pathological TnmFinding:
- id: "NCIT:C140720"
label: "Retinoblastoma pT3 TNM Finding v8"
- id: "NCIT:C140711"
label: "Retinoblastoma pNO TNM Finding v8"
procedure:
code:
id: "NCIT:C48601"
label: "Enucleation"
bodySite:
id: "UBERON:0004548"
label: "left eye"
performed:
age:
iso8601duration: "P8M2W"
files:
- uri: "file://data/fileSomaticWgs.vcf.gz"
individualToFileldentifiers:
biosample.1: "specimen.1"
fileAttributes:
genomeAssembly: "GRCh38"
fileFormat: "VCF"

v

Figure 6. Biosample. The id (line 85) is required and can be used to relate
genomic interpretations to the biosample that corresponds tothe inter-
pretation (see Figure 8). Lines 8688 represent the tissue of origin of the
specimen, lines 89-95 represent phenotypic features of the specimen, and
lines 96-108 represent a measurement taken of the maximal size of the tu-
mor. Note that the same PhenotypicFeature and Measurement message
definitions are used here as described above. The tumor progression field
(lines 109-111) is used to specify whether a tumor is primary, metastatic,
or recurrent. Lines 112-126 contain the pathological TNM (primary Tu-
mor, lymph Nodes, distance Metastasis) assessment. Finally, lines 127—
133 specify a File with results of whole genome sequencing performed
on this tissue sample (See the section on File messages, below, for ex-
planations). The interpretation based on this sequencing is presented in
Figure 8.

one or multiple GenomicInterpretation messages that contain
information about genetic findings that support the diagnosis.
In our case, the diagnosis is retinoblastoma, which is indicated
by the corresponding NCIT ontology term. Each Genomicln-
terpretation has a mandatory subjectOrBiosampleld field that
specifies either the id of the patient (which must be the same
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i1 interpretations:

- id: "interpretation.id"
6 progressStatus: "SOLVED"
;7 diagnosis:
disease:

id: "NCIT:C7541"

label: "Retinoblastoma"
genomiclnterpretations:
- subjectOrBiosampleld: "proband A"

interpretationStatus: "CAUSATIVE"
1 variantInterpretation:
acmgPathogenicityClassification: "PATHOGENIC"
therapeuticActionability: "ACTIONABLE"
variationDescriptor:

variation:

copyNumber:
allele:
sequenceLocation:
2 sequenceld: "refseq:NC_000013.14"
sequencelnterval:
startNumber:
value: "25981249"
¢ endNumber:
7 value: "61706822"
number:
value: "1"
extensions:

- name: "mosaicism"
value: "40.0%" )

Figure 7. Interpretation and Genomiclnterpretation (1). The first portion
of the Interpretation message is shown, with the status of the interpreta-
tion (solved) on line 136, the diagnosis to which the interpretation refers
on lines 137-140, and the list of Genomiclnterpretations starting on line
141. The first of two Genomiclnterpretations is shown in this Figure, de-
scribing the mosaic deletion on chromosome 13. The deletion is specified
as a CopyNumber message, which indicates the chromosome (the corre-
sponding NCBI RefSeq NC_000013.14 identifier is listed), start and end
positions, and the copy number (1, corresponding to a loss of one of the
two copies of RB1). The extensions field is used to specify additional in-
formation about variants, such as the degree of mosaicism (here) or the
allele frequency in the second Genomiclnterpretation.

as the id used in the subject field) or the identifier of the Biospec-
imen (which must be identical with the id used in one of the
Biosample messages of the same phenopacket). For simplicity,
we present this finding of a mosaic 13q in our example case as
the result of whole-genome sequencing with estimation of mo-
saicism, but other technologies such as DNA microarrays might
be more likely to be used in current clinical settings (Figure 7).

In our example, next-generation sequencing of the retinoblas-
toma tumor sample was performed with a gene panel to search
for somatic variants.

“Looking for second hit mutations in RBI1, we applied a
custom designed NGS panel (Onconano V2) that included
the RB1, BCOR and CREBPP genes (among other 400 com-
monly mutated genes in pediatric cancer). The study de-
tected only one pathogenic single-nucleotide variant, RB1
c.958C > T (p.Arg320Ter) (NM_000321.2 chromosomal position
13-48,941,648-C-T; allele frequency of 25%).”

This variant is represented as a second GenomicInterpretation
message (Figure 8).

10. Disease

The Disease message refers to the clinical diagnosis of one or
more diseases that the patient has. In our example, the diagnosis
of grade E retinoblastoma was made based on the International
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1¢ - subjectOrBiosampleld: "biosample.1"
1¢ interpretationStatus: "CAUSATIVE"
¢ variantInterpretation:
166 acmgPathogenicityClassification: "PATHOGENIC"
167 therapeuticActionability: "ACTIONABLE"
1 variationDescriptor:
1 id: "rs121913300"
1 variation:
1 allele:
1 sequenceLocation:
1 sequenceld: "refseq:NC_000013.11"
1 sequencelnterval:
1 startNumber:
1 value: "48367511"
177 endNumber:
1 value: "48367512"
1 literalSequenceExpression:
1 sequence: "T"
1 label: "RB1 ¢.958C>T (p.Arg320Ter)"
1 geneContext:
1 valueld: "HGNC:9884"
1 symbol: "RB1"
1 (EXpTCSSiOTlSI
186 - syntax: "hgvs.c"
187 value: "NM_000321.2:¢c.958C>T"
1 - syntax: "transcript_reference"
1 value: "NM_000321.2"
1 vefRecord:
1 genomeAssembly: "GRCh38"
1 chrom: "NC_000013.11"
1 pos: "48367512"
1 ref: "C"
1 alt: "T"
1 extensions:
197 - name: "allele-frequency"
1 value: "25.0%"
1 moleculeContext: "genomic"
200 allelicState:
id: "GEND:0000135"
label: "heterozygous"

Figure 8. Genomiclnterpretation (2). The Genomiclnterpretation mes-
sage uses the subjectOrBiosample field to indicate the source of the se-
quenced material. In this case, the source was the tumor specimen de-
scribed in the Biosample message of Figure 6. The variant, whose id is in-
dicated as the corresponding dbSNP accession number (rs121913300) is
classified as pathogenic using ACMG criteria (ClinVar VCV000126824.9).
Information about the genomic location of the variant is provided as an
Allele message in lines 171-180. The corresponding HGVS expression is
provided in the label field (line 181; in general, the label can contain arbi-
trary text). The GeneContext field indicates the affected gene with its Hu-
man Gene Nomenclature Committee identifier and gene symbol in lines
182-184. The corresponding variant call format (VCF) representation of
the variant is shown in the VcfRecord message in lines 190-195. The zy-
gosity of the variant is specified in the allelicState field.

Classification for Intraocular Retinoblastoma. The Disease mes-
sage allows the reporting of one or more clinical TNM stages to
indicate the extent of the primary tumor as well as potential nodal
involvement (i.e., spread of malignant cells to regional or dis-
tal lymph nodes) and the detection or absence of distant metas-
tases. In our example, a Retinoblastoma-specific term from the
NCI Thesaurus is used to indicate that no evidence of metastasis
was found (Figure 9; nodal involvement is not a standard part of
Retinoblastoma staging).

Clinical staging is based on information available prior to the
initial definitive treatment. Pathologic staging includes clinical
information and information obtained from pathologic examina-
tion of resected primary and, if applicable, regional lymph nodes.
The Phenopacket Schema includes a field for clinical TNM codes
in the Disease message, and an additional field for pathological
TNM codes in the Biosample message (Figure 6).
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diseases:
- term:
id: "NCIT:C7541"
label: "Retinoblastoma"
onset:
age:
iso8601duration: "P4M"
diseaseStage:
- id: "LOINC:LA24739-7"
label: "Group E"
clinicalTnmFinding:
- id: "NCIT:C140678"
label: "Retinoblastoma cMO TNM Finding v8"
primarySite:
id: "UBERON:0004548"
label: "left eye"

Figure 9. Disease message. Disease message describing the diagnosis,
the stage, '] age of onset, and primary site of retinoblastoma in the pa-
tient.

In cases where there is no disease diagnosis, the Disease mes-
sage can be omitted. Alternatively, a general diagnosis can be
indicated by choosing an ontology term that denotes a group
of specific diseases. For instance, the initial clinical diagno-
sis of ciliopathy (MONDO:0005308) might be made in a child
with clinical manifestations such as situs inversus and postax-
ial polydactyly. The genetic workup (which would be represented
in the Genomiclnterpretation message; see below) could de-
scribe the molecular diagnosis of Bardet-Biedl syndrome 17
(MONDO:0014445).

11. MedicalAction

For cancer, infectious disease, rare disease, and many categories
of common disease, precision-medicine approaches to treatment
based on classification by genetic variants are rapidly gaining in
importance. Consequently, clinical decision-making needs to in-
tegrate genomic research findings with structured information
about treatments. The GA4GH Phenopacket Schema includes
a hierarchical representation of medical actions including med-
ications, procedures, and other actions taken for clinical man-
agement. The Treatment element represents administration of a
pharmaceutical agent, broadly defined as prescription and over-
the-counter medicines, vaccines, and other therapeutic agents
such as monoclonal antibodies or CAR T-cell-therapy. In our ex-
ample, the following treatments were described.

“The patient received intraarterial melphalan but due to a local
vasospasm in her left leg, the treatment was discontinued. After-
wards, four courses of conventional chemotherapy were adminis-
tered (vincristine, carboplatin and etoposide). A partial response
was achieved, but, despite chemotherapy, the disease progressed
few weeks later and the affected eye was enucleated.”

The MedicalAction message describes actions taken for clini-
cal management. Each message refers to a specific type of med-
ical action using a Procedure, Treatment, RadiationTherapy, or
TherapeuticRegimen message. Our example contains a Treat-
ment message referring to the administration of melphalan (a
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chemotherapeutic drug), a TherapeuticRegimen message refer-
ring to the administration of a regimen of chemotherapeutics,
and a Procedure message referring to enucleation, that is, the
surgical removal of the affected eye (Figure 10).

11.1. Files

The files field of the Phenopacket Schema contains a list of
File messages, each of which specifies a file with the results of
genomic sequencing or another investigation. In our example,
there is a single file and its location on the hard disk is given un-
der uri (Uniform Resource Identifier) (Figure 11).

12. MetaData

The MetaData message is required to provide details about all of
the ontologies and external references used in the Phenopacket.
The resources field contains a list of Resource messages with one
resource for each ontology or terminology and the corresponding
version used to create the phenopacket (Figure 12).

13. Pedigree

This element is used to represent a pedigree to describe the fam-
ily relationships of each sample along with their gender and phe-
notype (affected status). The information in this element can be
used by programs for analysis of a multi-sample VCF file with
exome or genome sequences of members of a family, some of
whom are affected by a Mendelian disease. The Phenopacket
Schema has implemented a PED-compatible data model to pro-
mote interoperability between existing PED files and PED soft-
ware, but does not actually store a PED file.

In rare disease diagnostics and research, it is common to per-
form whole-exome or genome sequencing on multiple family
members including persons affected and unaffected by a disease
in order to be able to apply cosegregation analysis to filter or
prioritize the variants. The GA4GH Phenopacket Schema pro-
vides a Family message that can include one or more phenopacket
messages as well as a representation of the corresponding PED
file. Future versions will be integrated with the GA4GH Pedigree
standard.l") An example Family message is shown in Figure S3,
Supporting Information. An analogous Cohort message is pro-
vided to represent a group of individuals related in some pheno-

typic or genotypic aspect.

14. Discussion

The VCF standard for storing genotyping data allowed a wide
range of research groups to write software for analyzing such
data.’”l The GA4GH Phenopacket Schema aspires to be simi-
larly transformative in the landscape of disease analysis using an
aggregation of phenotype data with core clinical and histopatho-
logical information in conjunction with results from genomic
data. The Phenopacket Schema was designed to support a num-
ber of use cases, including rare-disease diagnostics, support-
ing searches for samples relevant to a specific disease or con-
dition in biobanks and databases, representation of longitudinal
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4 251 - therapeuticRegimen: h
219 medicalActions: 252 ontologyClass:
220 - treatment: 253 id: "NCIT:C10894"
221 agent: 254 label: "Carboplatin/Etoposide/Vincristine"
222 id: "DrugCentral:1678" 255 startTime:
223 label: "melphalan" 256 age:
224 routeOfAdministration: 257 iso8601duration: "P7M"
225 id: "NCIT:C38222" 258 endTime:
226 label: "Intraarterial Route of Administration" 259 age:
227 doselntervals: 260 iso8601duration: "P8M"
228 - quantity: 261 regimenStatus: "COMPLETED"
229 unit: 262 treatmentTarget:
230 id: "U0:0000308" 263 id: "NCIT:C7541"
231 label: "milligram per kilogram" 264 label: "Retinoblastoma"
232 value: 0.4 265 treatmentIntent:
233 scheduleFrequency: 266 id: "NCIT:C62220"
2: id: "NCIT:C64576" 267 label: "Cure"
235 label: "Once" 265 - procedure:
236 interval: 269 code:
237 start: "2020-09-02T00:00:00Z" 270 id: "NCIT:C48601"
238 end: "2020-09-02T00:00:00Z" 271 label: "Enucleation"
230 treatmentTarget: 272 bodySite:
240 id: "NCIT:C7541" 273 id: "UBERON:0004548"
241 label: "Retinoblastoma" 274 label: "left eye"
212 treatmentIntent: 275 performed:
24 id: "NCIT:C62220" 276 age:
24 label: "Cure" 277 iso8601duration: "P8M2W"
215 adverseEvents: 278 treatmentTarget:
246 - id: "HP:0025637" 279 id: "NCIT:C7541"
247 label: "Vasospasm" 280 label: "Retinoblastoma"
218 treatmentTerminationReason: 281 treatmentIntent:
249 id: "NCIT:C41331" 282 id: "NCIT:C62220"
\_ 250 label: "Adverse Event" 283 label: "Cure" )

Figure 10. A list of three MedicalAction messages. The Treatment message (lines 220-250) refers to the intraarterial administration of melphalan. A
single dose was administered on the indicated date to treat retinoblastoma with curative intent. Vasospasm occurred as an adverse drug effect which
necessitated the termination of this treatment. The TherapeuticRegimen message (lines 251-267) refers to the administration of three chemotherapeu-
tic drugs (carboplatin, etoposide, vincristine) according to standard protocols from the age of 7-8 months. The Procedure message (lines 268-283)

describes the surgical removal of the affected eye.

21 files:

285 - uri: "file://data/germlineWgs.vct.gz"
256 individualToFileIdentifiers:

287 proband A: "samplel"

s fileAttributes:

289 genomeAssembly: "GRCh38"

20 fileFormat: "VCF"

Figure 11. Flle message. The URI field contains Uniform Resource Iden-
tifier, that is, a string for locating a file on the internet or other network or
a computer file system. The individualToFileldentifiers field is a map from
the identifier used in the phenopacket to those used in the VCF or another
file. The fileAttributes field is a list of key value pairs used to specify the
genome assembly and the file format.

data in registries, providing a computational representation of
published case reports, and other applications. This article pro-
vides an in-depth introduction to the representation of clinical
data using the GA4GH Phenopacket Schema to annotate a pa-
tient with retinoblastoma. We focused on explanations of how

Advanced Genetics 2023, 4, 2200016 2200016 (9 of 12)

the Phenopacket Schema represents clinical data. In practice,
phenopackets will be constructed computationally. The protobuf
framework automatically generates code for creating phenopack-
ets in major programming languages including Java, Python,
and C++.[1%1 We show examples of how this can be done in Java
and C++ in the main phenopacket schema repository!?}l and are
preparing a Java library for validation and convenient construc-
tion of phenopackets that we will present separately.>*] Addition-
ally, the formats and standards developed for phenopackets are
increasingly being adopted by other data discovery and exchange
protocols such as the GA4GH Beacon API?! as well as several
tools and databases that consume or output phenopackets,26-31]
thereby promoting a wider penetration of phenopackets stan-
dards and practices throughout biomedical research.

The Phenopacket Schema is flexible and adaptable to local and
domain-specific needs. Importantly, and as indicated in the ex-
ample, the phenopacket standard encourages the use of hier-
archical classification systems and vocabularies such as HPO,
UBERON or the NCIT; however it does not specify which ontolo-
gies have to be used, permitting user groups exchanging data to
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Table 1. Summary of top-level fields of a Phenopacket. With the exception of the id and the metadata, all fields are optional.

Field Intended use
Id An application-specific identifier for the phenopacket
subject Demographic information about the subject of the phenopacket (often a patient or proband)

phenotypicFeatures

(symptoms, signs, laboratory, or imaging findings, etc.).

measurements

List of PhenotypicFeature messages, each of which provides an ontology term and additional context to describe a phenotypic feature

List of Measurement messages, each of which represents the primary results of a clinical measurement such as a laboratory test. In many cases,

Measurement messages are used to store the numerical results of a test.

biosamples

interpretations
sequencing.

diseases

medicalActions
of the subject of the phenopacket.

List of Biosample messages, each of which represents clinical data about a biosample such as a biopsy.

List of Interpretation messages, each of which represents the clinical interpretation of a genetic or genomic investigation such as whole-genome

List of Disease messages, each of which represents a clinical diagnosis of a disease.

List of MedicalAction messages, each of which represents an action such as a treatment or clinical procedure taken for the clinical management

files List of File messages, each of which represents a file with data or results from a genomic or analogous high-throughput investigation. This field is

intended for investigations done on peripheral blood samples (corresponding to germline DNA in the case of whole-genome sequencing).

Investigations performed on other samples should be represented within the corresponding Biosample message.

metaData

Information about ontologies and references used in the phenopacket.

1 metaData:
created: "2021-05-14T10:35:00Z"
createdBy: "anonymous biocurator"
resources:
- id: "ncit"
name: "NCI Thesaurus"
url: "http://purl.obolibrary.org/obo/ncit.owl"
version: "21.05d"
namespacePrefix: "NCIT"
iriPrefix: "http://purl.obolibrary.org/obo/NCIT_"
- id: "efo"
name: "Experimental Factor Ontology"
url: "http://www.ebi.ac.uk/efo/efo.owl"
version: "3.34.0"
namespacePrefix: "EF0"
iriPrefix: "http://purl.obolibrary.org/obo/EF0_"
- id: "uberon"
name: "Uber-anatomy ontology"
url: "http://purl.obolibrary.org/obo/uberon.owl"
version: "2021-07-27"
namespacePrefix: "UBERON"
iriPrefix: "http://purl.obolibrary.org/obo/UBERON_"
- id: "ncbitaxon"
name: "NCBI organismal classification"
url: "http://purl.obolibrary.org/obo/ncbitaxon.owl"
version: "2021-06-10"
namespacePrefix: "NCBITaxon"
iriPrefix: "http://purl.obolibrary.org/obo/NCBITaxon_"
phenopacketSchemaVersion: "2.0"

Figure 12. Phenopackets Metadata. The MetaData message contains in-
formation about each ontology used to provide terms in the phenopacket
as well as the phenopacket version. Version 1 of the GA4GH standard was
released in 2019 to elicit feedback from the community. Version 2 was de-
veloped on the basis of this feedback and is described here.

select the most appropriate and information-rich terminologies.
Although the example shown here was comprehensive, for many
current analysis programs in use in human genetics, a simple list
of HPO terms and a path to the VCEF file is all that is required to
run them. We anticipate that the GA4GH Phenopacket Schema
will enable such programs to use additional information for com-
putational variant prioritization, such as excluded features, age of
onset, and measurements. The Phenopacket Schema represents
numerous categories of data important for translational research
and diagnostics (Table 1 provides a summary). The Phenopacket
does not represent all relevant data; two notable omissions that
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may be addressed in future versions of the Phenopacket Schema
are social determinants of health (SDoH) and environmental ex-
posures.

In general, computational tools are required to create and use
phenopackets. Although the Phenopacket Schema is a relatively
new development, several tools are already available. PhenoTips
(https://phenotips.org/) is an open-source software tool for col-
lecting and analyzing phenotypic information from probands or
families with a suspected genetic condition.[*? PhenoTips can be
used to collect HPO terms and other information and can export
the data as a phenopacket. SAMS (Symptom Annotation Made
Simple) is a freely available web-based application that offers a
number of features including the ability to create phenopackets
on the fly or to export case-level data as phenopackets.[**] Addi-
tionally, SAMS enables patients or relatives to enter data to be
shared with physicians and offers an API that can be integrated
into other applications.

A software library called phenopacket-tools (https://github.
com/phenopackets/phenopacket-tools) provides developers with
resources to streamline the creation and validation of phenopack-
ets. The Phenopacket provides a standard input format for these
tools that will simplify computational analysis pipelines, espe-
cially if the steps in the pipeline include a comparison of the re-
sults of multiple tools. Exomiser, 34 LIRICAL,?°! Phen2Gene,!*’!
and CADAP! can take Phenopackets as input files, and other
analysis tools will soon accept phenotype data in Phenopacket
format.

As clinicians move from traditional clinical annotation prac-
tices towards more routine use of computationally powerful rep-
resentations of concepts in medicine this flexibility will facilitate
the development and adoption of a rapidly growing ecosystem of
digital support tools, and will empower forward-looking compu-
tational multimodal data discovery and analysis. Genomic data
will become ever more important in translational research and
clinical care in the coming years and decades. The Phenopacket
Schema represents a standard for capturing clinical data and
integrating it with genomic data that will help to obtain the
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maximal utility of this data for understanding disease and devel-
oping precision medicine approaches to therapy.
Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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