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Abstract 

The Human Phenotype Ontology ( HPO ) is a widely used resource that comprehensively organizes and defines the phenotypic features of human 
disease, enabling computational inference and supporting genomic and phenotypic analyses through semantic similarity and machine learning 
algorithms. The HPO has widespread applications in clinical diagnostics and translational research, including genomic diagnostics, gene-disease 
disco v ery, and cohort analytics. In recent years, groups around the world have developed translations of the HPO from English to other languages, 
and the HPO browser has been internationaliz ed, allo wing users to vie w HPO term labels and in man y cases synon yms and definitions in ten 
languages in addition to English. Since our last report, a total of 2239 new HPO terms and 49235 new HPO annotations were developed, 
many in collaboration with external groups in the fields of psychiatr y, arthrogr yposis, immunology and cardiology. The Medical Action Ontology 
( MAxO ) is a new effort to model treatments and other measures taken for clinical management. Finally, the HPO consortium is contributing to 
efforts to integrate the HPO and the GA4GH Phenopacket Schema into electronic health records ( EHRs ) with the goal of more standardized and 
computable integration of rare disease data in EHRs. 
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Introduction 

The Human Phenotype Ontology ( HPO ) is a rich represen-
tation of the diversity of human phenotypes; it is a globally
recognized standard for the computational encoding of ‘deep
phenotype’ data. Because it is logically structured, the HPO
enables computational inference and sophisticated algorithms
that support combined genomic and phenotypic analysis in a
range of applications spanning basic research to clinical care.
The HPO is a flagship component of the Monarch Initiative
( 1 ) , comprising resources and community efforts to enable in-
teroperability across data sources and organisms. Examples
of HPO applications include genomic interpretation for di-
agnostics, gene-disease discovery, machine learning ( ML ) and
electronic health record ( EHR ) cohort analytics – all of which
assist in realizing the promise of precision medicine. Addi-
tionally, the HPO provides a comprehensive corpus of phe-
notype annotations ( HPOA ) corresponding to each of over
8100 rare diseases. HPO has become a global standard for
use in rare disease diagnostic tools: almost all clinical genet-
ics diagnostic tools, including Exomiser, LIRICAL, SimulCon-
sult, PhenoTips and Face2Gene, now leverage the HPO to
encode and compute over patient features in the context of
genomic variant classification. Further, by enabling data ex-
change, HPO unites an ever-growing community of users and
contributors across the world, illuminating the natural history
of disease, revealing new diseases, supporting patient registries
and n-of-1 matchmaking for diagnosis ( 2 ) and aiding numer-
ous national genomic initiatives and biobanking programs ( 3 ) .
In this update to previous articles in the Nucleic Acids Re-
search database issue ( 4–7 ) , we discuss recent additions to
the project, including translations to 10 languages, new HPO
terms and annotations for a number of medical fields, and ef-
forts to integrate HPO with electronic health records ( EHRs ) .

The Human Phenotype Ont olog y 

int ernationalization eff or t 

The HPO Internationalization Effort ( HPOIE ) is a loose al-
liance of translation communities to coordinate efforts. Our
vision is to break down language barriers and ontology cura-
tion internationally. The HPOIE is loosely divided into a Co-
ordination Committee and language-specific working groups
( LSWG ) . The Coordination Committee is run by members of 
the HPO Operations Committee ( SK and NM at the time of 
writing ) and is concerned with onboarding new LSWGs and 

pushing updates to HPO to supported curation platforms. The 
LSWGs are concerned with managing translations into a par- 
ticular language and coordinating disparate efforts that in- 
volve translations into the same language. A list of current 
translation efforts can be found in Table 1 . 

The internationalization effort involves fostering collab- 
oration between different groups translating the same lan- 
guage by harmonizing and choosing the ‘best’ words in differ- 
ent countries and continents that use the same language ( e.g.
Spanish in Spain and Latin American countries ) . Additionally,
we have standardized the representation of the translation 

profiles, capturing rich metadata that can be used by down- 
stream sources to separate, for example, professional manual 
translations from automated ones. We have set up a software 
framework to coordinate the release of language profiles with 

HPO releases. 
We plan to include additional languages as well as layper- 

son translations ( 8 ) in the HPOIE as translation efforts 
progress and invite interested groups to contact us. 

International edition and language profiles 

Seven comprehensive translations of the HPO are available 
in addition to three partial translations ( Table 1 ) . Since April 
2023, we have been publishing a special release version of the 
HPO ontology, the HPO International Edition ( HPI ) , which 

includes translations for Turkish, Czech, French and Dutch.
Language profiles are the translated subsets of HPO that come 
with metadata such as ‘translation status’ and ‘translation 

date’. They are curated in a simple tabular format, Babelon 

TSV. Babelon is a data model for language profiles maintained 

using LinkML ( https:// linkml.io/ ), which provides a standard 

translation from Babelon TSV files into OWL. Language pro- 
files are versioned alongside the primary releases of the HPO 

in four forms: a special HPO international edition that cor- 
responds to the standard HPO release including all the lan- 
guage profiles (hp-international.owl); a language specific ver- 
sion of the HPO (e.g. hp-fr.owl for the French language ver- 
sion of the HPO in OWL format); a set of tabular files that 
correspond to the translations of the labels and definitions 
Gr aphical abstr act 

https://linkml.io/
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Table 1. Languages that are officially part of the HPO Internationalization 
Effort 

Language Labels Definitions 
Updated in 
2023 

Chinese 16 691 0 Yes 
Czech 14 362 11 623 Yes 
Dutch 12 448 38 −
Dusun 13 0 −
French 14 220 473 Yes 
Japanese 17 649 0 Yes 
Nyangumarta 201 0 −
Spanish 17875 0 Yes 
Tiwi 83 0 −
Turkish 13 888 11 086 −
Dusun, Tiwi and Nyangumarta profiles reflect only the subsets of HPO that 
are particularly relevant to their communities. All other efforts were designed 
to be comprehensive, but only Czech, Chinese, French, Japanese and Spanish 
were updated in 2023. 

(e.g. hp-fr.babelon.tsv for the French translations) and a spe- 
cial file that contains language-specific synonyms (e.g. hp- 
fr.synonyms.tsv). While labels and definitions are translated 

directly, we do not attempt to translate each synonym directly. 
Instead, a list of synonyms appropriate to each language is cu- 
rated separately. 

As labels and definitions undergo change, some of the trans- 
lations may need to be revised. For each translated term, we 
record a ‘translation status’ that can be the following: ‘candi- 
date’ (translation has been suggested by an entity [algorithm, 
person] outside the core team managing the translation), ‘un- 
der review’ (translation has been suggested by an entity [al- 
gorithm, person] inside the core team managing the transla- 
tion, but not yet officially ratified by the LSWG) and ‘official’ 
(translation has been accepted by the core team managing the 
language profile). 

When a label changes, we do not discard the translation of 
the corresponding term, but instead deprecate its status from 

OFFICIAL to CANDIDATE, meaning that it needs to be re- 
curated by the translation team. This status change happens 
automatically with each release, and an accompanying report 
(e.g. updated-labels-to-candidate-status-fr.tsv) is made avail- 
able for the LSWG. 

Recent accomplishments in HPO translation 

All HPO translations are available on the HPO GitHub repos- 
itory. 

The Japanese translations were developed by the GEnome 
Medical alliance (GEM) Japan Clinical Phenotype group for 
the purpose of precise phenotyping of patients in genome 
projects. Expert translation by clinical geneticists and AI 
translation were utilized. This translation has been used 

widely in clinical genome projects for rare diseases in Japan. 
The translation of HPO terms from English to Turkish com- 

menced as a personal endeavor by Zafer Yüksel, with the 
goal of standardizing patient phenotype information in lab- 
oratory and hospital information management systems using 
HPO terms and supporting computational tools for differen- 
tial diagnostic support based on patient notes. These tools are 
also designed to automate the interpretation of genetic data 
for the accurate diagnosis of genetic disorders. The overarch- 
ing aim is to make this translation initiative accessible to users 
in Turkey under the guidance of institutional leadership, while 
also inviting their valuable contributions. 

The Chinese translation of HPO was maintained and con- 
stantly updated by the Chinese HPO (CHPO) consortium. 
CHPO was established in 2016 as an open platform to syner- 
gize the efforts on research on rare diseases. Under the um- 
brella of CHPO, experts from different clinical domains in 

China provided translation of HPO terms to the correspond- 
ing Chinese terms. 

The Dutch translation for the HPO was created by the Hu- 
man Genetics department of the Radboud University Medi- 
cal Center to store phenotypic data using HPO identifiers ex- 
tracted from Dutch language clinical notes. 

The three partial translations of Indigenous languages 
(Dusun, Nyangumarta, Tiwi) were created by Lyfe Languages 
champions in consultation with and the approval of Commu- 
nity Elders. The Lyfe Languages project is aimed at breaking 
down barriers to communication by translating medical re- 
sources and terminology into the languages spoken by Indige- 
nous communities. The translation was used to prepare and 

publish health and educational materials initially for rare dis- 
eases, then for COVID-19 and subsequently extending to all 
health domains. 

The French translations of the HPO, initiated by the 
Paris Orphanet team, will be integrated as a phenotypic 
descriptor in the French National Rare Disease Registry 
(BNDMR) a national epidemiological and public health tool 
funded by the French Ministry for Solidarity and Health. 
The BNDMR gathers data for all patients treated in cen- 
ters qualified for their expertise in rare diseases in France. 
The HPO French translation is also being integrated in the 
new RDK (Rare Disease Knowledge) French web and mo- 
bile application for healthcare professionals, which offers 
diagnostic guidance to identify patients affected by a rare 
disease. 

The Spanish translation of the HPO terminology was cre- 
ated in 2013 by a group of Spanish researchers. Soon after, a 
team of Colombian investigators was added to facilitate the 
use of Spanish in Spanish-speaking Latin American countries. 
The Spanish HPO translation is used by many institutions and 

hospitals and currently is the gold standard terminology ap- 
plied to share information for national research projects such 

as the IMPACT initiative, the ENOD program and the Span- 
ish Network for Research on Rare Diseases (CIBERER). The 
HPO codification has been introduced in the vast majority of 
Spanish departments of Clinical Genetics as the chosen on- 
tology for phenotypic description of patients. Currently, the 
Spanish translations are maintained and curated by a multi- 
disciplinary team of researchers (HPO-Spanish Initiative) led 

by CIBERER. 
The Czech translation was started by a team of clinical ge- 

neticists from the Department of Biology and Medical Genet- 
ics of 2nd Medical Faculty of Charles University and Univer- 
sity Hospital Motol, which was joined by the National Center 
for Medical Nomenclatures and Classifications (NCMNK) of 
the Institute of Health Information and Statistics of the Czech 

Republic. The English version is already used in the Czech Re- 
public in variant interpretation software and in bioinformatic 
analyses and pipelines. The intent of the translation effort 
is better adoption of HPO by Czech healthcare profession- 
als and its implementation in health information and labora- 
tory information management systems and registries. Local- 
ized versions could also be used for text mining from medical 
reports which are only available in the Czech language. Some 
draft translations were created with the help of AI translation 
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tools, but all final translations were curated and approved by 
a human expert. 

The HPO international edition 

In our most recent version of the HPO web app, we have inte- 
grated support for translations (Figure 1 ). Currently we offer 
a way to translate both terms and the class hierarchy on the 
left, if the respective translation exists. 

Services such as the widely used Ontology Lookup Ser- 
vice ( 9 ) have integrated HPO translations and allow toggling 
translations on and off when browsing the ontology. The 
Ontology Access Kit (OAK) has implemented multi-language 
support in response to our work, which allows querying HPO 

with a ‘preferred-language’ parameter. 

Updates on annotations and ontology content 

Updates to the ontology 

Since our last NAR update (HPO, October 2020 release, ( 5 )), 
we have added 2239 terms (Table 2 ). We will describe some of 
the major efforts involved in the next section. In addition to 

adding new terms, we have added or updated 612 definitions 
to existing terms, added 1377 new synonyms and renamed 

671 classes (these stats were generated using OAK diff). Col- 
laborative engagement can be measured by interactions with 

our issue tracker and GitHub repository. Since 15 September 
2020 (the cut-off date of the last update), we have received 

contributions from 177 individuals, which opened a total of 
3715 issues and made a total of 5159 comments on issues. 

British Spelling synonyms. The HPO uses American 

spelling conventions (e.g. ‘Palpebral edema’ [HP:0100540]). 
Where applicable, British spellings are automatically pro- 
vided as synonyms (e.g. ‘Palpebral oedema’) labeled with the 
hp:uk_spelling tag. A total of 1020 British synonyms were 
available in the September 2023 release. 

Updates to the annotations 

The HPO annotation files have been versioned alongside HPO 

since February 2022. Since our previous publication in 2020 

we have added about 49 000 new annotations. The annota- 
tions now include citations to a total of 9573 PubMed identi- 
fiers (PMIDs). 

Impro ved co verage of specific clinical areas 

The HPO team has hosted regular workshops with clinical 
experts since the very beginning of the project in 2008. These 
workshops extend the resource by adding new terms and re- 
vising existing terms by adding or improving definitions, syn- 
onyms, or the structure of the ontology . Additionally , disease 
annotations are added. Most workshops involve discussions 
among domain experts and the HPO team on the ontologi- 
cal modeling of clinically relevant phenotypic abnormalities. 
Below, we summarize recent efforts to improve the HPO’s cov- 
erage of specific clinical areas. 

Behavior. Behavioral disorders alone account for a substan- 
tial proportion of human disease burden ( 10 ) and many dis- 
eases involve significant behavioral components and comor- 
bidities. These include conditions that affect the core mood 

and anxiety states, perceptions and experiences related to in- 
teractions with the world, and behaviors motivated by internal 
states. However, the subjective and contextual nature of be- 

Table 2. Distribution of the 2239 new terms added to the HPO since the 
October 2020 release. Counts are shown for each of the main branches 

Branch Label New terms 

HP:0032443 Past medical history 58 
HP:0001574 Abnormality of the integument 105 
HP:0000152 Abnormality of head or neck 82 
HP:0012823 Clinical modifier 85 
HP:0001939 Abnormality of 

metabolism / homeostasis 
354 

HP:0000005 Mode of inheritance 13 
HP:0001871 Abnormality of blood and 

blood-forming tissues 
62 

HP:0001507 Growth abnormality 2 
HP:0002664 Neoplasm 60 
HP:0001197 Abnormality of prenatal 

development or birth 
99 

HP:0000478 Abnormality of the eye 28 
HP:0001626 Abnormality of the cardiovascular 

system 

154 

HP:0033127 Abnormality of the 
musculoskeletal system 

133 

HP:0002715 Abnormality of the immune 
system 

307 

HP:0025142 Constitutional symptom 18 
HP:0002086 Abnormality of the respiratory 

system 

154 

HP:0040064 Abnormality of limbs 43 
HP:0000119 Abnormality of the genitourinary 

system 

408 

HP:0000707 Abnormality of the nervous 
system 

339 

HP:0025354 Abnormal cellular phenotype 13 
HP:0000818 Abnormality of the endocrine 

system 

39 

HP:0045027 Abnormality of the thoracic cavity 2 
HP:0000598 Abnormality of the ear 4 
HP:0025031 Abnormality of the digestive 

system 

98 

Because of multiple inheritance, the counts do not add up to 2239. 

havioral abnormalities creates challenges for representation as 
ontology terms ( 11 ). Furthermore, we need a way to represent 
changes in behavioral milestones (such as learning to walk). 
To address these challenges, we conducted two workshops in 

2023 to create new behavioral terms and improve the struc- 
ture of the behavioral portion of the HPO. The first workshop, 
held at the National Institute of Mental Health (NIMH), fo- 
cused on phenotypic features seen in neurodevelopmental dis- 
orders such as autism spectrum disorder. This two-day work- 
shop included 20 participants with expertise in psychology, 
pediatrics and data science. The second workshop took place 
in Chicago prior to the annual meeting of the International So- 
ciety for Bipolar Disorders. This meeting involved a day dedi- 
cated to creating behavioral terms to describe mood disorders. 
The workshop included an international collaboration of 40 

participants with primary expertise in bipolar disorder. Efforts 
in this field are ongoing and we welcome new collaborators. 

Prenatal medicine . Recently, emphasis has been placed on 

expanding the ontology to better capture prenatal phenotypes, 
especially phenotypes that may change depending on gesta- 
tional age ( 12 ). To address the previous limitations of HPO in 

representing prenatal phenotypes, a series of workshops was 
initiated involving experts in prenatal medicine and genetics. 
The International Fetal Genomics Consortium uses the up- 
dated HPO and Phenopackets to aggregate and compute large 
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Figure 1. Screenshot of internationalized HPO W eb application. F or each term, users can choose from the a v ailable languages (se v en, in this e xample) in 
addition to English. Term labels, definitions and synonyms are shown in the chosen language if translations are available; otherwise, the English version 
is shown. 

amounts of prenatal genomic and phenotype data in a cloud- 
based repository for research and clinical use. 

Inborn errors of immunity (IEI) comprise a large group of 
disorders, each characterized by a specific dysfunction of the 
immune system. More than 485 different IEIs have been de- 
scribed with a wide variety of clinical and immunological phe- 
notypes ranging from increased susceptibility to infections to 

immune dysregulation, presenting as autoimmunity, hyperin- 
flammation, autoinflammation, lymphoproliferation or malig- 
nancy. Specific IEIs display distinct clinical features as well as 
characteristic laboratory phenotypes ( 13 ). Clinical experts in 

IEI agree that a major barrier to the adoption of the HPO 

terminology is the lack of disease-specific HPO terms to accu- 
rately describe patients with IEI and their corresponding im- 
mune profiles ( 14 ). That is why in 2018, a collaborative initia- 
tive between ERN-RITA (European Network on Rare Primary 
Immunodeficiency, Autoinflammatory and Autoimmune Dis- 
eases), ESID (European Society for Immunodeficiencies) and 

ISSAID (International Society of Systemic Autoinflammatory 
Diseases) was launched to improve HPO terminology for IEIs 
by coupling established bioinformatic methodologies with ex- 
pert review. To date this effort has resulted in the creation 

of over 60 new HPO terms, restructuring of over 200 terms 
and re-annotation of 109 IEIs. Although the HPO for IEIs is 
only partly curated, the consortium’s ongoing project has al- 
ready significantly expanded the description and categoriza- 
tion of phenotypic similarities of disorders; when these data 
are then combined with the available filtering algorithms of 
potential disease-causing genetic variants, the likelihood of 
matching patients to the correct diagnosis is substantially im- 
proved ( 15 ,16 ). 

Orofacial clefts. Orofacial clefts (OFCs) are a heteroge- 
neous group of disorders including clefts of the lip (CL), the 
palate (CP) or both (CLP) ( 17 ). The OFC phenotypes are re- 
ported in terms of laterality (unilateral or bilateral), side (left 

or right) and completeness (complete or incomplete) of the 
CL and / or CP. All laterality / side / completeness permutations 
have been observed in affected individuals, but representing 
all of them by individual HPO terms would be too onerous. 
We created a data model inspired by Phenopackets that allows 
the use of the HPO modifiers ‘Left’ (HP:0012835) and ‘Right’ 
(HP:0012834) to specify the side of the phenotypic anomaly. 
We reviewed the orofacial cleft branch of HPO (HP:0000202), 
and created new terms representing the general observed phe- 
notype, e.g. ‘Asymmetric bilateral cleft lip’ (HP:5201014), rep- 
resenting a bilateral CL in which the CL is complete on one 
side and incomplete on the other side. More phenotypic details 
can be recorded using the left / right modifiers in association 

with generic terms reporting the completeness on the cleft, e.g. 
‘Complete cleft of the upper lip’ (HP:5201009). Other terms 
are under development to capture subtle defects such as mi- 
croforms, and to update definitions of all related HPO terms. 

Epileptology . Sudden unexpected death in epilepsy 
(SUDEP), an unexpected non-traumatic and non-drowning 
death in an otherwise healthy individual with epilepsy, has 
been an important addition to the HPO (HP:0033258) ( 18 ). 
The precise mechanisms leading to SUDEP remain elusive, 
but are thought to involve cardiac arrhythmias, respiratory 
insufficiency and dysfunction of arousal. The risk of SUDEP 

is known to be elevated in some monogenetic epilepsies, 
including Dravet syndrome ( 19 ), and it was prioritized for 
research by patients, their advocates and healthcare pro- 
fessionals. The representation of SUDEP in the HPO will 
facilitate research into the genetic underpinnings of this rare 
but severe condition that is methodologically difficult to 

address: its association with deletion of 1p36 was suggested 

in our recent largest ever phenome-wide association study of 
epilepsies ( 20 ). Hippocampal sclerosis, a common cause of 
drug-resistant epilepsy, characterized by a specific pattern of 
cell loss and gliosis in the hippocampus, can now be anno- 
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tated specifically with a new HPO term (HP:0033258) that 
captures both pathological and imaging features ( 21 ). Elec- 
troencephalography (EEG) is a crucial tool in the diagnosis 
and classification of epilepsy, and despite proposed stan- 
dardization, harmonization of clinical EEG reports remains 
a challenge ( 22 ). The process of harmonizing reported EEG 

phenotypes has emerged as a new focus to allow researchers 
and clinicians to communicate more effectively to discover 
the genetic factors associated with specific EEG patterns ( 23 ). 

Male infertility genetics. Recently, the HPO has introduced 

multiple new terms that are related to male infertility. These 
terms branch from the term ‘decreased fertility in males’ 
(HP:0012041) and comprise a spectrum of phenotypes that 
pertain to sperm count, testicular histology phenotypes, aber- 
rant sperm morphology (teratozoospermia) and sperm motil- 
ity (asthenozoospermia) ( 24 ). The terms are partly based on 

the phenotypes described in the WHO laboratory manual for 
the examination and processing of human semen ( 25 ). The 
improved male infertility HPO terms will facilitate decipher- 
ing the genetic reasons for male infertility, which may help to 

predict the chances of successful testicular sperm retrieval in 

azoospermic males ( 26 ). 
Autoantibodies. Recent technological advances have im- 

proved the diagnosis of autoimmune diseases, notably 
through the identification of new autoantibodies. In the past, 
there was no publicly available clinical database to capture 
the presence of autoantibodies in medical records in a stan- 
dardized way. Indeed, in 2020, only 48 autoantibodies were 
present in the HPO database. Multi-institution work carried 

out with the French rare disease health networks and the ERN 

ERKNet has made it possible to add more than 200 new an- 
tibodies recorded as HPO biological signs, in the form ‘Anti- 
X antibody positivity’. Synonyms and full names have been 

added after curation of the literature when available. All new 

terms generated were classified under the group ‘Autoimmune 
antibody positivity’ (HP:0030057). 

Arthrogryposis multiplex congenita (AMC). AMC is char- 
acterized by multiple congenital contractures, encompass- 
ing many different conditions and involving over 400 genes 
( 27 ,28 ). A registry for AMC funded by Shriners’ Children 

combines a phenotypic description and genotyping using 
whole genome sequencing ( 29 ). To provide a standardized 

language for AMC, common data elements (CDEs) have 
been identified by an international consortium of 45 ex- 
perts in orthopedics, genetics, neurology, rehabilitation, ob- 
stetrics and lived experience across 11 countries. The AMC- 
related phenotypic terms were mapped to the HPO using two 

HPO branches: ‘Abnormality of the musculoskeletal system’ 
(HP:0033127) and ‘Abnormality of the limbs’ (HP:0040064). 
Extensive collaborations with the HPO team resulted in data 
curations for 27 new HPO terms, 38 restructurings and 20 

re-annotations with significant improvements for describing 
contractures in AMC ( 30 ). 

Cerebral palsy (CP) is a common neurodevelopmental dis- 
order affecting around 1 in 500 children, characterized by per- 
manent but evolving disorders of movement and posture due 
to non-progressive disturbances in the developing fetal or in- 
fant brain. The heterogeneity and complex genetic etiologies 
of CP have hindered progress in understanding its molecular 
causes, and diagnosis remains primarily clinical, lacking spe- 
cific diagnostic tests ( 31 ). Shriners Children’s is spearheading 
research to establish whole genome sequencing for 500 chil- 
dren with CP, including existing classifications, functional de- 

scriptors and magnetic resonance imaging data, applied to the 
CP cohort. Utilizing the HPO as a framework, this project will 
link genomic and phenomic data, contributing to the advance- 
ment of genetic precision medicine in CP. 

Pulmonology. Diffuse alveolar hemorrhage (DAH) in chil- 
dren is a rare condition resulting from numerous different un- 
derlying diseases. A series of virtual workshops were held to 

add new terms, revise definitions of existing terms and im- 
prove the hierarchy of the HPO with a focus on DAH and 

other pediatric diseases of the lung. HPO terms and disease 
annotations were created as needed to cover phenotypic char- 
acteristics of patients within the chILD-EU register (European 

international management platform for children’s interstitial 
lung disease) and from the specialized literature. An evalua- 
tion of the application of HPO to support differential diagno- 
sis in DAH was recently presented ( 32 ). Additionally, to link 

the HPO terms to diseases a large number of new diagnoses 
from the diagnostic catalog of the chILD-EU register were in- 
troduced into the Mondo Disease Ontology. 

Phenotypic features of COVID-19 and long COVID. The 
COVID-19 pandemic highlighted the importance of ge- 
nomic surveillance for public health intervention and deci- 
sion making. A key factor was to better allow researchers to 

identify phenotypic information associated with the disease 
through sequence-associated contextual information that de- 
scribed clinical case descriptions, including but not limited 

to disease-associated signs and symptoms. Coronavirus dis- 
ease 2019 (COVID-19) affects diverse organ systems, includ- 
ing the lungs, digestive tract, kidneys, heart and brain and is 
caused by infection with Severe Acute Respiratory Syndrome 
Coronavirus-2 (S AR S-CoV-2). Post-acute sequelae of S AR S- 
CoV-2 (colloquially referred to as Long COVID) is an often 

debilitating illness that occurs in at least 10% of S AR S-CoV-2 

infections. A computational standard for describing the clini- 
cal manifestations of long COVID has been lacking. The HPO 

team reviewed 59 manuscripts that described clinical mani- 
festations in 81 cohorts three weeks or more following acute 
COVID-19, and mapped 287 unique clinical findings to HPO 

terms. HPO helped address the gaps in this vocabulary by ac- 
cepting and curating new terms included but not limited to 

those describing circulatory abnormalities such as ‘Silent Hy- 
poxemia’, inflammatory skin abnormalities such as ‘Pseudo- 
chilblains on toes’ (i.e. COVID toes), and skin abnormalities 
describing various ‘Cyanosis’ phenotypes ( 33 ). These terms 
have since been used to describe data via the Public Health 

Alliance for Genomic Epidemiology (PHA4GE) S AR S-CoV-2 

contextual data specification, the Canadian COVID Genomics 
Network (CanCOGeN) S AR S-CoV-2 contextual data specifi- 
cation ( 24 ), and have been used for clustering patients within 

the National Covid Cohort Collaborative (N3C) to aid in 

mechanism discovery and identify treatments ( 34 ,35 ). Addi- 
tionally, layperson synonyms and definitions were created that 
can be used to link patient self-report questionnaires to stan- 
dard medical terminology ( 33 ). 

Inheritance. The Gene Curation Coalition (GenCC) is a 
global effort to harmonize gene-level resources ( 36 ). As part 
of our effort to facilitate the harmonization of gene-disease 
validity assessments and support robust variant classification 

within the ACMG / AMP framework, we have proposed a 
standardized terminology to describe inheritance and allelic 
requirement ( 37 ). Most GenCC member group terms for in- 
heritance mapped to existing HPO terms such as ‘Autoso- 
mal dominant inheritance’ (HP:0000006), but few groups had 
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dedicated terms for allelic requirement. Qualifier terms were 
used by some groups to add further detail but there was 
limited consistency between groups for these. We formed a 
working group to restructure and streamline HPO inheritance 
terms. Three novel subdivisions within mode of Inheritance 
were introduced, to distinguish Mendelian inheritance, non- 
Mendelian inheritance and qualifiers such as ‘Genetic antic- 
ipation’ (HP:0003743). New inheritance terms were added 

where needed and allelic balance terms were derived from first 
principles. Finalized terms for inheritance and allelic require- 
ment, which had been derived independently of each other, 
were aligned such that each mode of inheritance has a syn- 
onymous allelic requirement term to describe the context nec- 
essary to cause disease. 

SimulConsult curation . The HPO terminology is being ex- 
panded using the findings identified in the literature by clin- 
icians curating information for the SimulConsult diagnostic 
decision support software. Of the 5043 non-gene findings cur- 
rently in SimulConsult, 1929 were identified in 2022 as not 
having an HPO term and 186 identified among terms added 

to the diagnostic software since then. For these 2115 terms, to 

date 532 new HPO terms have been added, and it is planned 

to add the bulk of the others. Predominant among these terms 
have been laboratory findings in genetic diseases not previ- 
ously emphasized in HPO, and clinical and laboratory findings 
in non-genetic diseases, which the diagnostic software has ex- 
panded to cover. These findings have been identified by clin- 
ician curators in the literature as being useful for diagnosis, 
thereby supporting the mission of HPO to provide the infras- 
tructure for making medicine computable. 

Interoperability with other ontologies 

The ontology of biological attributes (OBA). OBA provides a 
formalized, species-independent, interoperable and standard- 
ized representational framework for observable attributes that 
are characteristics of biological entities, organisms, or parts of 
organisms ( 38 ). In contrast to HPO and other existing phe- 
notype ontologies, the OBA attribute and phenotypic trait 
categories are defined in such a way that the definitions 
are indifferent of any abnormality that may manifest in re- 
lation to a wild-type or any other reference. For example, 
genome-wide association studies (GWAS) using the OBA term 

OBA:2045209 ‘level of taurine in blood serum’ for their ge- 
netic data annotation are related to different abnormal phe- 
notypes like ‘Hypotaurinemia’ (HP:0500182) or ‘Hypertau- 
rinemia’ (HP:0500181). The same logical patterns, based on 

the Entity-Quality model ( 39 ), are used to define attributes in 

OBA as in HPO. This allows not only seamless classification 

of phenotypic abnormalities (HPO) under attributes (OBA), 
but specifically the integration of human and model organ- 
ism phenotypes with GWAS, Quantitative Trait Loci (QTL) 
mappings or any or any other population-focussed measur- 
able trait data. 

Aligning the Human Phenotype and Mammalian Pheno- 
type Ontologies. To foster the use of model organisms for 
human health research, we are mapping Human and Mam- 
malian ( 40 ) Phenotype ontology terms using the Simple 
Standard for Sharing Ontological Mappings (SSSOM)-based 

method ( 41 ) to review and refine the alignment of these on- 
tologies. During this mapping, discrepancies between the defi- 
nitions, equivalence axioms and placement of terms were iden- 
tified, discussed and resolved whenever possible. These up- 

dates improve the reliability of these ontologies in automated 

tools and increase the probability that terms that share similar 
labels also share similar definitions. To date, 1343 mappings 
have been created. 

HPO-SNOMED mapping. The integration of HPO with 

SNOMED CT (Systematised Nomenclature of Medicine- 
Clinical Terms) is an important step in the harmonization 

of medical terminologies ( 42 ). This mapping aims to bridge 
the gap between the hierarchical structure of HPO terms 
and the widely used clinical vocabulary of SNOMED. The 
HPO-SNOMED mapping improves semantic interoperabil- 
ity and facilitates the translation of complex phenotypic 
data into actionable clinical information. This collaborative 
project serves as a cornerstone for standardizing phenotype 
descriptions across different healthcare systems and research 

databases. 
Biomappings . The Biomappings workflow was used to gen- 

erate lexical mappings from HPO to MeSH and other widely 
used ontologies. These were manually curated, resulting in 

nearly 300 mappings readily available in the SSSOM format 
( 43 ). 

The Medical Action Ontology . The Medical Action Ontol- 
ogy (MAxO) is designed to organize medical procedures, ther- 
apies and interventions in a structured way . Currently , MAxO 

contains 1757 terms describing activities and measures under- 
taken as a part of clinical management that collectively we re- 
fer to as medical actions. In addition to pharmaceutical treat- 
ment, medical actions include surgical procedures, ablations, 
treatment with biologics, behavioral and cognitive interven- 
tions, deep brain stimulation and many others. We have cre- 
ated a database of over 16 000 annotations that describe diag- 
nostic modalities for specific phenotypic abnormalities as de- 
fined by the HPO. Additionally, 413 annotations are provided 

for medical actions for 189 rare diseases. The development of 
MAxO is closely coupled to the Mondo Disease Ontology ( 1 ) 
and HPO and expands the scope of our computational model- 
ing of diseases and phenotypic features to include diagnostics 
and therapeutic actions. 

Applications and use cases 

Fenominal : a tool for HPO concept recognition 

The process of deep phenotyping can be slow, tedious and 

error-prone if performed manually, which can be a substan- 
tial barrier to uptake from clinicians. In recent years, however, 
natural language processing (NLP) tools have been developed 

and have replaced, to a certain extent, the need for manual 
encoding of phenotype profiles. Within the landscape of such 

tools, fenominal ( " F abulous ph ENO type MIN ing AL gorithm ) 
is a ‘phenomenal’ Java software library developed by the 
Monarch team to perform HPO concept recognition via a 
command-line interface or a user-friendly graphical user in- 
terface. A number of approaches have been developed to ad- 
dress the challenges governing the phenotype CR task, such 

as ambiguity, use of metaphorical expressions (e.g. ‘Angel- 
shaped phalanx’ [HP:0032078]), negation and complex or 
nested structures. To increase adoption of HPO and the use 
of fenominal for EHRs, we focused on a challenge largely ig- 
nored or assumed to be implicitly solved by the existing phe- 
notype CR tools: typographical errors often encountered in 

real-world clinical settings. Typographical errors can be seen 

as a subclass of lexical variation in the context of the concept 
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Figure 2. The Phenotypic Feature element of the GA4GH Phenopacket Schema. This element contextualizes HPO annotations by allowing the severity, 
onset, resolution, and other characteristics (modifiers) of the phenotypic observation to be specified. In this example, two phenotypic observations are 
given: (i) severe, daily (quotidian) infantile spasms with infantile onset (between month two and twelve of life) and resolution at the age of 4 years, 2 
months and (ii) e x clusion of global de v elopmental dela y (that is, this feature w as assessed and e xplicitly f ound not to be present). 

recognition task. They are significantly less structured than 

standard lexical variation, with the semantics of the tokens 
being harder to predict and interpret. We addressed this chal- 
lenge by developing a method in fenominal inspired by the 
BLAST algorithm for biosequence alignment ( 44 ) that screens 
texts for potential matches on the basis of matching k-mer 
counts and scores candidates based on conformance to typi- 
cal patterns of spelling errors derived from 2.9 million clinical 
notes. We produced a gold standard corpus for typographi- 
cal errors and built a sequence alignment-inspired method to 

efficiently perform entity linkage. Validation of the method 

showed an increase of 10% in recall on scientific publications 
and 20% increase in recall on EHR records, hence supporting 
a significant enhancement of the entity linking task. 

S oftw are that supports clinical diagnostics 

A growing number of diagnostic products use the HPO to en- 
code precise diagnostic information. 

SimulConsult uses an algorithm that combines a variety of 
patient data—including symptoms, family history and labo- 
ratory results—to generate a list of differential diagnoses. By 
integrating with the HPO, the tool increases the precision and 

individualization of the diagnostic process. 
PhenoTips was originally developed to meet the needs of 

clinical geneticists and provides a platform for the collection 

and analysis of patient phenotypic data. The software uses the 
HPO to code phenotypic abnormalities in a standardized way, 
promoting consistent data entry and interpretation by differ- 
ent healthcare providers and researchers. This standardization 

is essential for collaborative studies, especially in the field of 
rare diseases where patient cohorts are small and widely dis- 
persed. 

Face2Gene uses machine learning algorithms for facial 
analysis to help doctors diagnose genetic diseases. It uses HPO 

to assign facial phenotypes to possible genetic causes. This in- 

tegration of face recognition technology and phenotype ontol- 
ogy provides a multidimensional approach to diagnostic sup- 
port that complements traditional diagnostic methods. 

SAMS (Symptom Annotation Made Simple) is a web ap- 
plication that allows users to enter diagnoses (from Orphanet 
and OMIM) as well as the presence or explicit absence of clin- 
ical signs or symptoms from the HPO, including an unlim- 
ited number of modifying terms for each sign. SAMS is aimed 

at clinicians with little HPO experience and provides an in- 
tuitive interface. SAMS also can export and import GA4GH 

Phenopackets ( 45 ). 
SUOG (Smart Ultrasound in Obstetrics and Gynecology) is 

a EU-funded decision support system for early pregnancy and 

fetal disorders based on semantic reasoning and ML. SUOG 

provides step by step guidance during prenatal scans and lever- 
ages a knowledge base with a dedicated ontology ( 46 ). The 
SUOG ontology (v 3.70i) contains fine-grained fetal ultra- 
sound phenotype descriptions, of which 1358 are mapped un- 
der HPO classes or coded with HPO. 

GA4GH phenopacket schema 

The Phenopacket Schema is a Global Alliance for Genomics 
and Health (GA4GH) standard for sharing disease and phe- 
notype information that characterizes an individual person, 
linking that individual to detailed phenotypic descriptions, ge- 
netic information, diagnoses and treatments. It enables clin- 
icians to describe the course of disease and to provide addi- 
tional context about abnormal clinical findings (Figure 2 ). The 
Phenopacket Schema does not require the use of specific on- 
tologies but it does strongly recommend the use of the HPO 

for representing phenotypic features of rare disease ( 47 ). 
The Phenopacket schema is designed to support a wide 

range of use cases, including rare-disease diagnostics and in- 
tegration within clinical laboratories, journals, data reposi- 
tories, patient registries, EHRs and knowledge bases. ( 48 ). 
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Software that supports diagnostic genome sequencing, includ- 
ing Exomiser, LIRICAL, Phen2Gene and SvAnna, can take 
phenopackets as input files ( 49–51 ), and we encourage all 
users of HPO to adopt phenopackets for data exchange. 

Electronic health record data interoperability 

Common Data Models (CDMs) such as the Observational 
Medical Outcomes Partnership (OMOP) ( 52 ), are instrumen- 
tal in making clinical data useful for research. CDMs have 
facilitated the flow of phenotypic data into and out of the 
Electronic Health Record (EHR), thereby enhancing genomic 
research and precision medicine. A previous effort systemat- 
ically mapped terms in OMOP to OBO ontologies to facil- 
itate deep phenotyping using EHR data ( 53 ). Manual and 

automated methods were used to map 92 367 conditions, 
8611 drug ingredients and 10 673 measurement results from 

OMOP to OBO ontologies including Mondo, ChEBI and 

HPO, covering 68–99% of concepts used in clinical practice 
when examined across 24 hospitals. The clinical utility of the 
HPO mappings were assessed by comparing them to an ex- 
isting set of manually validated mappings between the HPO 

and ICD ( 54 ) when used to identify undiagnosed rare disease 
patients from the All of Us Research project. Results of this 
analysis revealed that the OMOP2OBO HPO mappings per- 
formed as well as the manually validated mappings to identify 
relevant patients while using less query time and fewer clini- 
cal concepts. These mappings have also been employed for use 
cases such as applying ML to extract knowledge from EHR 

data. Data-driven feature engineering in ML models uses each 

distinct concept as a feature ignoring the fact that there are 
sometimes hundreds of concepts for the same or very similar 
features, and ignoring knowledge about relationships among 
concepts. HPO provides a pre-model data reduction of fea- 
tures that aids in the explainability and interpretability of ML 

features by consolidating related concepts or indicated known 

relationships among them. A recent effort extracted pheno- 
typic features for long COVID patients, and applied ML to 

define subtypes of long COVID ( 34 ,55 ). 
Health Level Seven (HL7) is the world’s preeminent health 

data standards organization and its FHIR product family’s 
rapid adoption worldwide has made it a universal transport 
platform for health data that can be constrained or extended 

to meet the business requirements of any health data ex- 
change. HPO and Mondo are both registered within the HL7 

Terminology Authority, whose role is to make terminologies 
created by external organizations available for use in any HL7 

published product and to date they have been used in sev- 
eral HL7 FHIR Implementation Guides (IGs). Specifically rel- 
evant is the Vulcan Accelerator for Phenotypic Data, which is 
maturing an IG to extract content to populate Phenopackets 
for submission to clinical labs, de-identified content for re- 
search and other exchange purposes. This IG is complemen- 
tary to and synergistic with the Clinical Genomics Working 
Groups’ IG focused on putting the results of variant inter- 
pretation back into the EHR. Together, the two enable ge- 
nomic precision medicine, encoded using the HPO, within the 
EHR. 

Conclusion 

The HPO has been under active development since its initial 
publication 15 years ago ( 3 ). The HPO has benefited enor- 

mously from contributions from members of the community 
to revise and extend specific clinical areas of the ontology. 
We welcome suggestions about additional areas of medicine 
whose representation in the HPO would benefit from targeted 

improvement. We have presented translations of the HPO and 

internationalization of the HPO website, workshops and ad- 
ditional terms in several areas of medicine, applications of 
HPO to the annotation and analysis of COVID-19, and in- 
tegration of HPO with EHR resources and with the GA4GH 

Phenopacket Schema. The use of a standardized vocabulary 
for describing detailed phenotypes across different languages 
and in many different research and clinical settings supports 
interoperability, increases the value of clinical data by pro- 
viding a clear and consistent semantic system to represent it, 
and facilitates the use of phenotypic information in inform- 
ing clinical decision-making, bringing us closer to the goal of 
precision medicine. 

Data availability 

• Human Phenotype Ontology : https:// hpo.jax.org/ : Files 
available for download include the main ontology 
file in OBO, OWL and JSON formats (see Down- 
load|Ontology); the main HPOA file, phenotype.hpoa 
(see Download|Annotation). 

• HPO translations and profiles: https://obophenotype. 
github.io/ hpo-translations/ 

• Chinese HPO : https:// www.chinahpo.net/ 
• IMPACT initiative : https://genomica-impact.es 
• ENOD program : https:// www.ciberer.es/ en/ transversal- 

programmes/ scientific-projects/ undiagnosed-rare- 
diseases- programme- enod ) 

• Spanish Network for Research on Rare Diseases 
(CIBERER) : https:// www.ciberer.es/ en 

• International edition of HPO : http://purl.obolibrary.org/ 
obo/ hp/ hp-international.owl 

• Babelon - A simple standard for managing ontology 
translations and language profiles : https://github.com/ 
monarch-initiative/babelon 

• LinkML : https:// linkml.io/ 
• Language-specific versions of the HPO : e.g. http://purl. 

obolibrary.org/ obo/ hp/ translations/ hp-fr.owl for French 

• Tabular files with translations of labels and definitions : 
e.g. http:// purl.obolibrary.org/ obo/ hp/ translations/ hp-fr. 
babelon.tsv for French 

• Language-specific synonyms : e.g. http://purl.obolibrary. 
org/ obo/ hp/ translations/ hp-fr.synonyms.tsv for French 

• GitHub : https:// github.com/ obophenotype/ human- 
phenotype-ontology 

• Change logs : https:// github.com/ obophenotype/ human- 
phenotype-ontology/ tree/ master/ src/ ontology/ reports 

• Instructions for contributing to the HPO are available at 
https:// hpo.jax.org/ app/ help/ collaboration 

• Monarch Initiative : https:// monarchinitiative.org/ 
• Ontology Access Kit (OAK) : https://github.com/ 

INCATools/ontology- access- kit 
• OMOP2OBO : https:// github.com/ callahantiff/ 

OMOP2OBO 

• Mondo Ontology: https:// mondo.monarchinitiative.org/ 
• Medical Action Ontology : https:// github.com/ monarch- 

initiative/MAxO 
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• Ontology of Biological Attributes (OBA): https://github. 
com/ obophenotype/ bio- attribute- ontology 

• Gene Curation Coalition (GenCC) : https:// thegencc.org/ 
• fenominal : https:// github.com/ monarch-initiative/ 

fenominal . 
• SimulConsult : https:// simulconsult.com/ 
• PhenoTips : https:// phenotips.com/ 
• Face2Gene : https:// www.face2gene.com/ 
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