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Data Ontologies Tools Standards Clinical delivery

Unified Human Data
Development of ontologies and 

design patterns E.g.,: Phenopackets
Tools, web services, 

visual widgets
A bridge to the clinic

Research - Clinical practice continuum



Biological complexity …

Genes Environment Phenotypes+ =

Standards for encoding and exchanging data 
must be up to these challenges.



And it’s not just the bits …
G-P or D (disease)
causes
contributes to
is risk factor for
protects against
correlates with
is marker for
modulates
involved in
increases susceptibility to
 

G-G
regulates
negatively regulates (inhibits)
positively regulates (activates)
directly regulates
interacts with
co-localizes with
co-expressed with
 
P/D - P/D
part of
results in
co-occurs with
correlates with
hallmark of (P->D)

E-P
contributes to (E->P)
influences (E->P)
exacerbates (E->P)
manifest in (P->E)
 
 
G-E
expressed in
expressed during
contains
inactivated by

The relationships too must be captured



Semantics are the ultimate universal converter

http://xkcd.com/1406/



The role of cross-species phenotyping



“People are a lot like dogs”

http://honesttopaws.com/surprising-facts-about-dogs



Other 
species 
aren’t just 
relevant; 
each has 
unique 
phenotypes  

● The dog’s retina has area centralis (analogous to the human macula) & 
fovea-like region, similar to humans; useful to study naturally occurring cone 
diseases

● Aged cats are natural models of Alzheimer’s Disease: they form Abeta 
oligomers, neurofibrillary tangles, and have neuronal loss

● Naked Mole Rats don't get cancer

● Armadillos are a natural host of M. leprae, the mycobacterium that causes 
leprosy (only one besides humans)

● Tree shrews’ glioblastomas are morphologically & genetically similar to 
humans (& more similar than mouse models)

● Great pond snails are models of inflammation-mediated memory dysfunction, 
and show evidence of spontaneous neural tissue regeneration after injury

● Silkworms are a model for uric acid metabolism. Decreases in plasma uric acid 
are correlated with clinical progression of Parkinson’s Disease



Model organisms matter to patients
More species = More coverage

Model organisms provide key insight into phenotypic manifestations of human coding genes.

4,092
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83%
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Combined = 84%

The inclusion of just five species boosts 
phenotypic coverage of genes by 63%



What is an ontology?



London Bills of Mortality Feb 21 - 28 1664

Introduced to track deaths during the plague

Defined five kinds of infectious disease
Tuberculosis
Small pox
French pox
Plague
Measles

Classification is not a new 
challenge …



English is not a very precise language
• Same name for different concepts
• Different names for the same concept
• Changing names over time

Color blindness
Colour blindness
Abnormality of color vision
Colour vision defect, severe, 
Abnormality of colour vision, 
Loss in colour vision, 
Colour vision defect, 
Loss in color vision, 
Color vision defect, severe
Abnormal colour vision, 
Color vision defects, 
Colour vision defects, 
Abnormal color vision
Dyschromatopsia
Achromatopsia

Ambiguity and lack of precision in naming …





• Representation of important things in 
a specific domain
• Describes types of entities and 

relations between them 
• An active, formal computational 

artifact
• A mathematical model based on a 

subset of first order logic
• Tools can automatically process 

ontologies
• A communication tool

• Provides a dictionary and shared 
understanding

• Allows data sharing

What is an ontology?



Domain Ontologies



Starting point

Genes Environment Phenotypes

Disease = f<G, P, E>



● Molecular function

● Cellular component

● Biological process



● Phenotyping terminology
>14,500 terms

● Widely adopted in rare disease 
genomic diagnostic tools
100,000 Genomes Project, SOLVE-RD, 
NIH-UDP, etc.

Human 
Phenotype 
Ontology 
(HPO)











● Broad coverage of the cancer 
domain

● >100K concepts



What is the most clinically useful way to
 define and group diseases?

CANCER
COMPLEX

INFECTIOUS

MENDELIAN

RARE

We needed:
● Disease concepts spanning multiple 

categories
● A systematic way of relating these concepts

Why not just use mappings?
● Many terminologies / ontologies / lists include 

mappings 
○ These can be used to cross-walk

● Problems:
○ Often mutually inconsistent
○ N^2 sets of mappings!
○ Not 1:1 equivalents



Evidence-based merging of equivalent disease 
concepts

...

MEDIC

MESH

DC

DO

EFO

GARD

NCIT

Orphanet

kBOOM

Bayesian
OWL

Ontology
Merging

Logical +
Probabilistic

Inference

Curated 
Equivalence

Relations

evaluate 

iterative curator-assisted 
equivalence inference

curate

feedback

OMIM

doi.org/10.1101/048843

https://doi.org/10.1101/048843


Mondo

A logic-based 
structure to 
harmonize 
diseases and 
phenotypes 
across sources 
and species



If rare diseases are not counted, rare disease 
patients will not count

NCIT
DOID

GARD
Orphanet

OMIM

Just 5 sources comprise 10,577 
unique rare disease concepts  
(prior estimates ~7,500)

Only 333 shared 
disease concepts 
in all five sources

Many diseases 
are in only one 
source

Nature Reviews Drug Discovery (bit.ly/nature-rare-diseases)
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http://bit.ly/nature-rare-diseases
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Development
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Experimental 
Design

Data 
Use

Environment 

Measurements

Application Ontology

The complexity of the biomedical landscape



• Experimental Factor Ontology is an application ontology, built for use in production services 
in OWL

• Imports from >10 ontologies
• Cross referenced to 25 additional ontologies
• Extensive synonyms
• Continuous integration build process, reasoning, manual error checking, multi-editor environment, 

imports

Chemical Entities of 
Biological Interest 

(ChEBI) 

Gene Ontology

Cell Type Ontology

PATO

EFO - One ontology, many applications



Knowledge bases



Different 
communities 
annotate 
different 
relationships, 
at different 
levels of 
granularity 
and using 
different 
vocabularies



● Computational disease models
>190,000 disease-phenotype 
annotations (associations)

Human 
Phenotype 
Ontology 
(HPO)



Each disease has a gold standard phenotype 
profile
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● Frequency

● Functional consequences







Open Targets platform







Cross-species computational phenotyping



Model organisms matter to patients
More species = More coverage

Model organisms provide key insight into phenotypic manifestations of human coding genes.

4,092

19,201 19,201 19,201

3,986

106
16,028

12,042

21% Combined = 84% 83%

The inclusion of just five species boosts 
phenotypic coverage of genes by 63%



Different communities use different languages

Ulcerated 
paws

Palmoplantar 
hyperkeratosis

Thick hand skin
"HandsEBS" by James Heilman, MD - Own work. Licensed under CC BY-SA 3.0 via Commons
https://commons.wikimedia.org/wiki/File:HandsEBS.JPG#/media/File:HandsEBS.JPG
http://www.guinealynx.info/pododermatitis.html



Challenge: Each data source uses their own 
vocabulary/ontology

MP
HP

MGI

HPOA



Challenge: Each data source uses their own 
vocabulary/ontology

ZFA

MPDPO

WPO

HP

OMIA

VT

FYPO APO

SNOMED

……

WB

PB

FB

OMIA

MGI

RGD

ZFIN

SGD

IMPC

OMIMQTLdb

HPOA

EHR

LOINC

ICD



Logical decomposition of complex concepts 
allows interoperability

“Palmoplantar 
hyperkeratosis”

increased

Stratum corneum
layer of skin

=

Human 
phenotype PATO

Uberon

Species neutral ontologies, homologous concepts

Autopod

keratinization

GO

“Ulcerated 
paws”

Mouse 
phenotype =



● Integrate multiple anatomy ontologies 
into a unified, interoperable, 
cross-species one

● Can readily generate different views 
for different taxa, domains (e.g., 
respiratory system), or contexts (e.g., 
data collection forms)

multi-species 
knowledge graph

Uberon



Template-driven ontology development and 
harmonization





BREAK



Putting it all together



We need computable means to relate form, function, and 
dysfunction in order to interpret the genome (for 
diagnostics or otherwise)



Monarch Knowledge Graph

● Gene to Phenotype 
Associations: 818,690 

From approx. 50 species, 
including mouse, worm, yeast, 
American mink, Japanese rice 
fish, various species of livestock, 
and many species in the 
Drosophila group 

● Causal Gene to Disease 
Associations: 9,197

From human and mouse data

● Non-causal Gene to Disease 
Associations: 30,220

From more than 70 species

https://api.monarchinitiative.org 

Genotype-phenotype 
associations across a 

variety of species



Graph Machine Learning on Monarch KG
● Several use cases, (e.g., variant prioritization, ), would 

benefit from characterizing understudied human 
proteins

● The Monarch KG contains rich data from other a 
variety of species that can help characterize these 
proteins

● Graph ML can effectively capture the available data 
● Deep learning (graph convolutional networks) to 

characterize understudied proteins by leveraging 
other species in Monarch KG

● One application: feed data from more species into 
Exomiser (which currently uses human and mouse data 
from Monarch KG) to allow it to use these species data 
to prioritize variants



More data means bigger KGs,
and slower ML

Embedding of 
Monarch KG in ~3h 
(node2vec)

Billions of edges

Enter EnsmallenGraph/Embiggen:
● Monarch KG has >10e7 nodes/edges (and getting 

bigger) - existing software struggles with it
● EnsmallenGraph/Embiggen: Performant graph 

machine learning
● Faster loading, lower memory footprint 

(10x smaller)
● Scales to billions of nodes
● Algorithms: graph convolutional networks, 

node2vec, TransE (and friends), many more
● Novel graph ML algorithms in development
● Other possible graph ML experiments on 

Monarch KG:
○ learn “vector” for drug -> disease in latent 

space, find candidate drugs for untreatable 
diseases

○ find causal genes for rare/orphan diseases

https://github.com/AnacletoLAB/ensmallen_graph
https://github.com/monarch-initiative/embiggen
https://github.com/AnacletoLAB/ensmallen_graph
https://github.com/monarch-initiative/embiggen


Fuzzy Phenotype
Matching

Perfect Match

Fuzzy Match

No Match

Legend

DOI: 10.1126/scitranslmed.3009262

Not same variant, but same 
disease and gene, KMT2A.



Fuzzy matching across
species improves
diagnostics



Use Cases



Combining 
genomic and 
phenomic data 
improves variant 
prioritization for 
diagnosis

doi: 10.1038/gim.2015.137

https://doi.org/10.1038/gim.2015.137


Jessica
• Jessica (age 4) has a rare condition which causes epilepsy, 

affects her movement and developmental delay. Standard 
genetics tests negative.

• De novo deletion in SLC2A1 identified as the cause of her Glut 1 
deficiency syndrome

• Exomiser ranked this variant first
• Now being successfully treated with a ketogenic, low-carb diet
• Low risk for future pregnancies

Exomiser ranking 94% in top 3 candidates 
using human + model organism data



Aiding 
diagnosis using 
phenotype 
matching to 
model 
organisms - 
IMPC data key 
when no human 
data exists

CDKN2A 
candidate 
for 
cataracts 
GeL patient 

https://dx.doi.org/10.1038%2Fng.3901

https://dx.doi.org/10.1038%2Fng.3901


Using phenotype data to inform gene selection for KOMP
● 4,450 have phenotypes of interacting proteins 

in other species
● 4,365 have phenotypes of interacting proteins 

in mice
● 3,748 have no phenotypes in human*
● 1,626 have phenotypes in other species
● 1,119 have no phenotypes in any species AND 

no phenotypes in any interaction partners  
● 620 have human phenotype or disease ass’n

7,341 have no phenotypes in 
mouse (MGI). Of these:

bit.ly/komp-priority-genes



Identifying candidate genes using model 
organisms

https://dx.doi.org/10.
1038%2Fng.3901

New model for Diamond–Blackfan anemia 
• Phenotype profile similarity: increased 

mean corpuscular hemoglobin and 
decreased erythrocyte cell numbers

• Differential expression 

• May account for 46% of people with 
Diamond–Blackfan anemia with unknown 
genetic causes

135 new candidate genes for 
Mendelian disorders

https://dx.doi.org/10.1038%2Fng.3901
https://dx.doi.org/10.1038%2Fng.3901


Standardisation



Global Alliance for Genomics & Health

 The Mission of the GA4GH is to accelerate progress in 

genomic science and human health by developing 

standards and framing policy for responsible genomic and 

health-related data sharing.



GA4GH Driver projects



Product pipeline

Propose Develop Approve Announce Promote

● Driver Projects
● Regulatory & 

Ethics
● Data Security

● Product Review 
Committee

● Regulatory & 
Ethics

● Data Security

● Work Stream
● Partner 

Engagement

● Work Stream
● Comms

Work Stream Steering 
Committee Comms Partner Engagement



GA4GH Beacon Standard



GA4GH Beacon Standard



Standard exchange formats exist for 
sequence/genomes but not for phenotypes

Genes Phenotypes

VCFGFF BED

We need a standard way to share case-level phenotypic information that is not 
free text, a candidate diagnosis proxy, nor full EHR data exported via PDF

PXFPhenopacket

NEW



Phenopackets can help us
do better
● Craniosynostosis
● Brachydactyly
● Proptosis
● Broad thumb…

How severe 
are these? 

Are some more 
severe than others?

When were
they first
observed?

Were they 
NOT observed?

How are these
linked to a patient? 
To genomic info? 
To samples?
To parents
and siblings?



The Phenopacket Ecosystem:
Users and use cases

phenopackets.org
https://github.com/phenopackets

http://www.phenopackets.org/
https://github.com/phenopackets/


Phenopacket structure - phenotypes
 phenotypes:

 - type:

      id: "HP:0000520"

      label: "Proptosis"

    severity:

      id: "HP:0012828"

      label: "Severe"

    classOfOnset:

      id: "HP: 0003577"

      label: "Congenital onset"

subject:

    id: "PROBAND#1"

    ageAtCollection:

        age: "P3M"

    sex: "MALE“

htsFiles:

- uri: "file:///data/file.vcf.gz"

  htsFormat: "VCF"

  genomeAssembly: "GRCh38"

who? what?

when?

how?

WGS data



A concrete example

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 history and physical examination were unremarkable except for clinodactyly of the 
right fifth finger. Indirect ophthalmoscopic examination and examination under anesthesia 
was performed by ophthalmologists. Orbital ultrasound and magnetic resonance imaging 
(MRI) scans showed a 14 × 13 × 11 mm left eye tumor located in the lower-external retinal 
side. Retinal detachment was also detected. Diagnosis of retinoblastoma was made and, 
based on International Classification for Intraocular Retinoblastoma, a grade E was 
established.

Gargallo, P., Oltra, S., Balaguer, J. et al. 
Retinoblastoma and mosaic 13q deletion: a case 
report. Int J Retin Vitr 7, 50 (2021). 
https://doi.org/10.1186/s40942-021-00321-9

Note: this example focuses only on the textual part of an article although the knowledge (and provenance) 
can be externalised from / associated with images as well



Phenopacket structure - diagnosis

diseases:
- term:
   id: "NCIT:C7541"
   label: "Retinoblastoma"
 onset:
   age:
     iso8601duration: "P4M"
 diseaseStage:
 - id: "LOINC:LA24739-7"
   label: "Group E"
 primarySite:
   id: "UBERON:0004548"
   label: "left eye"

Various clinical terminologies used to capture 
accurately domain-specific concepts:

● NCIT - National Cancer Institute Thesaurus - de 
facto standard to capture cancer-related 
knowledge

● LOINC - de facto standard to capture lab tests 
and measurements

● UBERON - cross-species ontology for modeling 
anatomy



Phenopacket structure - phenotype
phenotypicFeatures:

- type:

   id: "HP:0030084"

   label: "Clinodactyly"

 modifiers:

 - id: "HP:0012832"

   label: "Bilateral"

 onset:

   age:

     iso8601duration: "P3M"

phenotypicFeatures:

- type:

   id: "HP:0000486"

   label: "Strabismus"

 modifiers:

 - id: "HP:0012833"

   label: "Unilateral"

 onset:

   age:

     iso8601duration: "P5M15D"

phenotypicFeatures:

- type:

   id: "HP:0000541"

   label: "Exsudative retinal detachment"

 modifiers:

 - id: "HP:0012231"

   label: "Unilateral"

 onset:

   age:

     iso8601duration: "P6M"

● Accurate phenotype representation - including locality, onset, degree of severity, etc:
● HPO - Human Phenotype Ontology - de facto standard to capture human phenotypes (see UK 

100k Genomes Project)



Phenopacket structure - treatment
medicalActions:
- treatment:
   agent:
     id: "DrugCentral:1678"
     label: "melphalan"
   routeOfAdministration:
     id: "NCIT:C38222"
     label: "Intraarterial Route of Administration"
   doseIntervals:
   - quantity:
       unit:
         id: "UO:0000198"
         label: "milliliter per kilogram"
       value: 0.4
     scheduleFrequency:
       id: "NCIT:C64498"
       label: "Monthly"
 treatmentTarget:
   id: "NCIT:C7541"
   label: "Retinoblastoma"
 treatmentIntent:
   id: "NCIT:C62220"
   label: "Cure"
 adverseEvents:
 - id: "HP:0025637"
   label: "Vasospasm"

Comprehensive acquisition of medical actions 
using well established terminologies and drug 
repositories:
● DrugCentral - online drug compendium

● NCIT - National Cancer Institute Thesaurus

● UO - ontology capturing standardised units of 
measurement

● HPO - here, capturing adverse events as 
phenotypes



MatchMaker Exchange: match rare 
disease patients to model organisms 



Clinical standards







FHIR: Fast Healthcare Interoperability Resources
A HL7 Standard for transmitting healthcare data



Transforming the clinical data landscape with FHIR

UNIFIED SOLUTIONCURRENT WORKAROUNDS



How does FHIR help?

EXAMPLE 
FHIR PAYLOADS

EXAMPLE 
FHIR 
“shapes” 
(Resources)

OBSERVATION 2

{PSA, 2.6 
ng/mL}

{Serum Sodium,
133 mEq/L}

OBSERVATION 1

OBSERVATION 
“shape” OBSERVATION 

SLOTS:
WHO, WHAT WHEN, 

WHERE
TEST {coded type, 

value}
REFERENCE RANGE

OBSERVATION
“shape”



Phenopackets-FHIR
Implementation Guide

Overall Goal:
Increase availability of high-quality standardized phenotypic 

information for genomic research and genomic medicine

• Represent the contents of the clinical phenotype profile of a patient, as 
defined in the Phenopackets schema (including association with 
pedigree and variant/genome information), in the FHIR structure.

• Allow non-lossy exchange of clinical information between Phenopackets 
and FHIR structures.

• Include references to existing and/or novel FHIR resources and profiles. 



Example System Architecture



Phenopackets-FHIR IG: Objectives
● Leverage what our team has already developed for 

FHIR IG
● Map Phenopackets schema elements to FHIR 

Resources
● EHR interoperability
● Evaluation in different infrastructure systems:

○ biobanks, registries, journals



Phenopackets-FHIR IG: Approach
1. Community organization: governance, communications
2. Workflow for collaborative review of current 

Phenopackets-FHIR mappings
3. Collaborative development of Phenopackets FHIR 

extensions
4. Pilot Testing 

a. Engaging candidate pilot test sites: GRIN 
participants

b. Designing and implement testing plan: mappings, 
testing message round trip

c. Pilot use cases: rare diseases, oncology.



Turning Phenopackets into FHIR is a big endeavour

IG Approval 
Process

IG Proposal
Approved

IG Proposal 
Approved IG

FMG review. 
Balloted through 

HL7 process. Status: 
Trial or 

Normative 



Tooling



Find,
visualise

Maps between ontologies
Provenance

Cross referencing to concept 
equivalence

Ontology Lookup Service Cross Ontology Mapping

Data Annotation Service
Ontology term request broker

Embeds other services
Configurable for annotation scenarios

OntoString

FAIR semantic Interoperability

Semantics as Service tools



www.ebi.ac.uk/ols



www.ebi.ac.uk/spot/oxo



www.ebi.ac.uk/spot/zooma



monarchinitiative.org



www.mousephenotype.org



www.orpha.net/consor/cgi-bin/Disease_Classif.php



FAIR Data



FAIR Principles



What does FAIR data mean practically?

● Use of appropriate identifiers, 
versioning and deprecation

● Use and reuse of 
community-developed and 
maintained ontologies

● Use of appropriate retrieval 
mechanisms (preferably REST)



Takeaways

● Semantics can help cross the “chasm of 
semantic despair” and support more 
meaningful patient classification

● Realizing standardized and computable 
phenotypic data akin to genomic data has 
revolutionized diagnostics and discovery 

● Dynamic interplay between public data 
and clinical/patient-level data

● Combining clinical and basic research 
data supports new hypotheses, 
mechanism discovery, and better 
treatment management
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