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Research in context 

Evidence before this study 

A majority of survivors of COVID-19 report manifestations 
that persist beyond the acute illness, so-called Post-Acute Se- 
quelae of SARS-CoV-2 (PASC, or “long COVID”). Long COVID 

can affect even those who were initially mildly symptomatic 
or asymptomatic, may include a constellation of neurolog- 
ical, respiratory, cardiovascular, and gastrointestinal symp- 
toms, and is debilitating in some affected individuals. Re- 
search on long COVID has been complicated due to heteroge- 
neous study methods and lack of a standard for denoting the 
many phenotypic manifestations (different terms to describe 
the same symptom or condition). 

Added value of this study 

We reviewed 303 manuscripts flagged as relevant to 
long COVID by CoronaCentral. From these, we identified 59 
manuscripts with 81 cohorts that described 287 clinical man- 
ifestations of long COVID. Descriptions (symptoms, laboratory 
findings, imaging results) were mapped to Human Phenotype 
Ontology (HPO) terms. We have developed layperson syn- 
onyms and definitions for each of the 287 HPO terms, which 

significantly improves patient and clinician accessibility. 

Implications of all the available evidence 

One of the challenges in characterizing long COVID is the 
fact that patient-reported symptoms are often not captured 

by clinical evaluation or in surveys. To truly characterise long 
COVID and therefore stratify patients into subtypes for care 
decisions, it is necessary to use shared terminology. This 
common set of HPO definitions will promote integration of 
research by translating between patient and clinician descrip- 
tions of symptoms. We anticipate that this will be a critical 
resource for use in survey instruments and patient apps for 
standardizing patient-reporting in the future study of long 
COVID. 

. Introduction 

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) 

merged in late 2019 as the third human coronavirus identified in 

he 21st century. Coronavirus disease 2019 (COVID-19) affects di- 

erse organ systems, including the lungs, digestive tract, kidneys, 

eart, and brain [ 1 , 2 ]. As of mid-2021, the full spectrum of the

linical consequences of COVID-19 is not completely understood. 

ndividual symptoms and disease severity vary widely among pa- 

ients during the acute infection, with some patients developing 

nly mild symptoms or even remaining asymptomatic. In contrast, 

thers experience acute respiratory distress syndrome (ARDS), sep- 

is, and other life-threatening conditions [ 3 , 4 ]. As more informa- 

ion about patient recovery has been collected, it has become clear 

hat a wide range of outcomes can also emerge following the 

cute phase of the illness, with some patients experiencing resid- 

al symptoms or developing new symptoms long after the initial 

nfection. This post-acute infection, referred to as long COVID, post- 

cute sequelae of COVID (PASC), or post-acute COVID-19 syndrome 

PACS), represents a significant challenge for patients, physicians, 
∗ Correspondence: Dr. Rachel Deer, University of Texas Medical Branch, Division 
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nd society because the causes, patient profile, and even symptom 

atterns remain difficult to characterise [5] . These substantial chal- 

enges in describing long COVID have led patients to self-organise 

nd perform research to try to expedite the characterization of this 

isease and therefore how to best ameliorate the substantial im- 

act that long COVID has had on their lives [6] . 

Long COVID, a multisystem disease, can occur following ei- 

her severe, mild, or even asymptomatic SARS-CoV-2 infection [7] . 

here is currently no accepted definition of long COVID; however, 

t can be broadly defined as delayed recovery from infection with 

ARS-CoV-2. Long COVID can occur following cases of COVID-19 

hat were managed in either inpatient or outpatient settings. It is 

haracterised by lasting effects of the infection, unexplained persis- 

ence of symptoms, or onset of new chronic diseases, for far longer 

han would be expected based on typical rates of viral clearance 

8] . 

Given long COVID’s recent emergence, no standard framework 

as yet been established for identifying and assessing associated 

ymptoms or other clinical features. Furthermore, symptoms fre- 

uently reported by long COVID patients are not assessed consis- 

ently across studies. A systematic review available as a preprint 

valuated all research on long COVID released prior to January 1, 

021 that included at least 100 patients. Based on the 15 studies 

hat met the inclusion criteria, the authors identified 55 symptoms 

f long COVID [5] (preprint). None of the most common symptoms 

ere assessed by all 15 studies. The authors concluded that the 

ymptoms of long COVID are extremely heterogeneous and that 

he assessment of these symptoms varies widely among studies. 

nother recent systematic review concluded that 73% of individ- 

als who had acute COVID-19 experienced at least one persistent 

ymptom [9] . However, the authors of the review concluded that 

he wide variation in design and quality of the studies limited the 

irect comparability and combinability of the data [9] . The wide 

ange of symptoms attributed to long COVID are highlighted by 

n extensive patient-led survey (Patient-Led Research Collabora- 

ive). This study conducted deep longitudinal characterization of 

he long COVID symptoms and trajectories in suspected and con- 

rmed COVID-19 patients who reported illness lasting more than 

8 days [6] . Evaluating data from 3,762 respondents to 257 sur- 

ey questions, this analysis documented 205 phenotypic features 

ssociated with long COVID. The fact that this patient-led study 

haracterised 205 phenotypic features, while the studies cited in 

he aforementioned systematic review reported only 84 signs or 

ymptoms and 19 laboratory or imaging measurements [9] , sug- 

ests that the research community has not yet characterised the 

ull spectrum of clinical manifestations of long COVID. This sig- 

ificant disparity in patient versus clinical characterization moti- 

ates the proposed ontological approach to specifying manifesta- 

ions, which will improve capture and integration of future long 

OVID studies. 

Deep phenotyping is the precise and comprehensive analysis 

f individual phenotypic abnormalities, with a focus on computa- 

ional accessibility. In the field of rare disease, the Human Phe- 

otype Ontology (HPO) has become an international standard for 

eep phenotyping that enables integrated computational analysis 

f genotype and phenotype for diagnostics, novel disease gene dis- 

overy, and translational research [ 10 , 11 ]. The HPO includes a stan-

ardised vocabulary of over 16,0 0 0 terms with 37,072 synonyms 

hat define phenotypic abnormalities associated with over 7,0 0 0 

iseases. This tool enables non-exact matching of sets of pheno- 

ypic features (phenotype profile) against known diseases, other 

atients, and model organisms. The algorithms have been imple- 

ented for computational comparison of abnormalities and for 

se in genetic disease diagnostics, and they are the de facto stan- 

ard for deep phenotyping in the field of rare disease. The HPO is 

sed in a range of projects including the UK’s National Institute 

mailto:rrdeer@utmb.edu
mailto:melissa@tislab.org
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or Health Research (NIHR) Rare Disease initiatives, the 10 0,0 0 0 

enomes project, the NIH Kidney Precision Medicine Project, and 

he NIH Undiagnosed Diseases Project and Network, RD-CONNECT, 

OLVE-RD, and many others [ 10 , 12 ]. Existing publications on the 

linical aspects of long COVID have not used a standard vocabulary 

o report phenotypic abnormalities, impeding the search, analysis, 

nd integration of information relevant to long COVID in databases 

uch as Medline. Ontologies such as HPO are systematic represen- 

ations of knowledge that define terminology in a human-readable 

ormat and define relationships between concepts in a way that al- 

ows computational logical reasoning that supports the integration 

nd analysis of large amounts of data [13] . The significant disparity 

n patient versus clinical characterization motivated the proposed 

ntological approach to specifying manifestations, which will im- 

rove capture and integration of future long COVID studies. 

. Methods 

We searched for publications on long COVID using CoronaCen- 

ral, which uses machine learning to process the literature on 

ARS-CoV-2 [14] . We retrieved 303 articles predicted to be rele- 

ant to long COVID on April 29th, 2021. From these, 59 articles 

escribed the clinical manifestations in clinical cohorts of individ- 

als three weeks or more following acute COVID-19. We defined 

hree weeks or more based on the initial appearance of symptoms 

or outpatients or on three weeks or more after discharge for hos- 

italised patients. Descriptions of long COVID manifestations were 

apped to Human Phenotype Ontology ( https://hpo.jax.org/app/ ) 

erms. For this study, the HPO release 2021-06-08 was used. Four 

urators, one with experience in long COVID and three with ex- 

ensive experience in HPO curation, manually reviewed the articles 

nd identified HPO terms that corresponded to the description of 

linical abnormalities (symptoms, signs, laboratory abnormalities, 

bnormal imaging findings) in the articles ( Figure 1 ) and mapped 

hem in a spreadsheet. Each mapping was reviewed by all four 

urators and discrepancies were resolved through discussion un- 

il consensus was reached. Some publications described multiple 

ime points (e.g., early and late), or varying severities of acute ill- 

ess (e.g., critical/severe, moderate, mild), which were treated as 

eparate cohorts for the purposes of the current descriptive anal- 

sis (Supplemental Table S1). We tabulated the relationships be- 

ween publications and the symptoms they reported, the mapped 

PO terms, and body systems (Supplemental Table S2). 

The funders had no role in study design, data collection, data 

nalyses, interpretation, or writing of report. 

. Results 

We reviewed 303 articles that were predicted to be relevant to 

ong COVID. We excluded articles that were reviews, related only 

o acute-COVID timepoints, or did not provide sufficient details to 

xtract percentages for the symptoms (i.e., only provided averages 

ut not the number of patients affected in a cohort). Analysis of 

he remaining 59 articles revealed a variety of criteria were used 

o identify and evaluate patients with long COVID. The studies in- 

luded 11 cohorts of patients who had been treated in the inten- 

ive care unit (ICU) during acute COVID-19, 36 cohorts of patients 

ho were hospitalised but not admitted to an ICU during the acute 

hase, 16 cohorts of patients who were not hospitalised during 

he acute phase, and 19 mixed cohorts. Some articles pulled data 

rom electronic health records (EHRs), while others strictly relied 

n patient-reported symptoms from surveys. Studies also varied in 

he method of collection and instruments used. Methods of collect- 

ng data came from phone or electronic surveys, in person review, 

r pull from electronic medical records. For 26 cohorts, informa- 

ion was collected by in-person, telephone, email, or other online 
3 
uestionnaire. For 51 cohorts, information was collected by clinical 

xamination, and for 5 cohorts, information was collected by ques- 

ionnaire and clinical examination (Supplemental Table S1). The 

ime frame for data collection and follow-up also differed across 

tudies. Some used a relatively precise window for patient assess- 

ent (e.g., 21 days after symptom onset), while others included 

articipants at various distances from acute SARS-COV-2 infection. 

ome studies aimed to collect information only on patients suf- 

ering from long COVID, while others collected follow-up informa- 

ion on all patients that had previously had COVID-19 regardless 

f whether they currently or ever experienced long COVID. Studies 

iffered in how they referred to the phenomenon studied. Some 

eferred to it as long COVID or using a similar term such as post- 

cute COVID-19 syndrome, whereas others discussed the clinical 

ourse or patient recovery without mentioning long COVID specif- 

cally. Finally, studies varied widely in the terminology used to de- 

cribe patient-reported symptoms. 

In the 59 publications and 81 cohorts curated for this study 

Supplemental Figure S1), a total of 287 phenotypic abnormalities 

ere identified and represented as HPO terms. Of these, 132 terms 

ere used in only one cohort (24.2%), 51 in two cohorts (9.4%), 

nd 62 terms in at least 5 cohorts (21.6%). In most cases, multi- 

le synonyms were mapped to the same HPO term; for instance, 

epatic steatosis (HP:0 0 01397) corresponded to four descriptions 

sed in the literature (Steatosis, Liver steatosis, Fatty infiltration 

f liver, Fatty liver). Among terms reported in at least 10 cohorts 

n = 31 terms), the most commonly reported feature was Fatigue 

median 45.1%), and the least commonly reported was Nausea (me- 

ian 3.9%), but the reported percentages varied widely between 

tudies ( Figure 2 ). 

Full curation details are available in Supplemental File 2. Sup- 

lemental Figures S2-S26 provide an overview of the 287 pheno- 

ypic features arranged by category, and Supplemental Note 1 pro- 

ides additional commentaries. Table 1 provides details on the vast 

eterogeneity of symptoms, organised by the organ systems that 

re likely to be involved. Few studies of long COVID to date have 

onducted analyses elucidating the presence or extent of organ 

amage. However, preliminary investigations of a number of or- 

an systems have identified organ damage in long COVID patients. 

hese findings are important because they highlight the possibility 

f asymptomatic long COVID patients sustaining organ damage due 

o the SARS-CoV-2 virus that does not immediately present with 

ymptoms. Therefore, an improved understanding of organ damage 

s an outcome of acute COVID-19 or as a long-term sequelae of the 

ARS-CoV-2 virus may present new options for patients experienc- 

ng persistent symptoms or elucidate new information about how 

he SARS-CoV-2 virus interacts with a range of organ systems. 

In our study, we curated 287 HPO terms representing clinical 

bnormalities observed in individuals following COVID-19. More 

esearch will be needed to determine which of the terms, and po- 

entially which additional terms, are specifically and causally re- 

ated to SARS-CoV-2 infection. For instance, 10 phenotypic abnor- 

alities in our study have also been reported to occur in Post- 

ntensive Care Syndrome (PICS). While most of the manifestations 

ere reported to occur at similar frequencies, Dyspnea was more 

ommonly reported in patients following COVID-19 (Supplemen- 

al Figure S26). Additional comments are provided in Supplemen- 

al Note 2. It is conceivable that in some cases, the occurrence of 

hese ten manifestations in COVID-19 patients is related to care in 

he ICU. However, all ten symptoms have also been reported in co- 

orts of individuals treated for COVID-19 as outpatients (Supple- 

ental File 2). 

https://hpo.jax.org/app/
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Figure 1. The HPO is arranged in a hierarchy from general to more specific. This graph shows a representative hierarchy of a portion of the HPO ‘abnormality of the 

respiratory system’ branch. In this study, observations from 59 publications were mapped to the corresponding HPO terms (nodes). A selection of the original terminology 

used in the manuscripts (in italics) is shown adjacent to the HPO term to which it was mapped. A detailed list of all mapped terms is provided in Supplemental File 2. 
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. Discussion 

The fact that some COVID-19 patients experience symptoms 

ollowing recovery from acute infection is not unexpected. Other 

nfectious diseases, including Epstein-Barr Virus, Giardia lamblia, 

oxiella burnetii, Borrelia burgdorferi (Lyme disease) and Ross 

iver virus are also associated with an increased risk for post- 

nfectious sequelae. These sequelae include symptoms such as 

isabling fatigue, musculoskeletal pain, neurocognitive difficulties, 

nd mood disturbance [15–17] . Chronic fatigue syndrome (CFS) is 

requently preceded by a viral infection [18] . However, although 

hese sequelae are well documented, they are still not well under- 
4 
tood, and the molecular mechanisms underlying these post-acute 

resentations have yet to be elucidated. 

Post-infectious sequelae have also been documented following 

nfection by other coronaviruses. A subset of patients with se- 

ere acute respiratory syndrome (SARS), caused by the coronavirus 

ARS-CoV, and Middle-Eastern Respiratory Syndrome (MERS), 

aused by the coronavirus MERS-CoV, were observed to experience 

ersistent or new-onset symptoms, including fatigue [19] , follow- 

ng recovery from the acute infection [19–21] . For SARS, follow-up 

as been conducted up to 15 years post-infection. In addition to fa- 

igue, studies reported effects on lung health and capacity [22–25] , 

sychological health [19] , bone health [25] , and lipid metabolism 
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Figure 2. Reported frequencies for the 25 phenotypic features identified in 12 or more cohorts. Box plots are shown for each item, displaying the minimum (1.5 times the 

interquartile range below the lower quartile), first quartile, median, third quartile, and maximum (1.5 times the interquartile range above the upper quartile). Outliers are 

shown as dots. DLCO: diffusing capacity of the lungs for carbon monoxide, FEV1: forced expiratory volume in one second; TLC: total lung capacity. 
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26] , with the latter two attributed to treatments involving large 

oses of steroids [ 25 , 26 ]. Most of the improvement among SARS 

atients occurred within the first one to two years following infec- 

ion [ 25 , 27 , 28 ]. Some patients continued to experience decreased

uality of life for more than a decade following the acute illness 

26] . Though follow-up studies in MERS patients are sparse, effects 

n pulmonary function were observed at one year post-infection, 

ith patients who experienced more severe disease at greater risk 

or long-term effects [29] . 

Long-term consequences of COVID-19 comprise an unprece- 

ented range of clinical abnormalities that we are barely beginning 

o understand. These symptoms appear to arise from pathophysi- 

logic changes that span many organ systems and tissues, poten- 

ially explained by SARS-CoV-2’s interaction with the endothelium 

30] . A wide range of outcomes following acute COVID-19 have 

merged as more information about patient recovery has been 

ollected and pathophysiologic mechanisms are revealed. Some 

atients experience residual symptoms and others develop new 
5 
ymptoms long after the initial infection. Given the timeline of 

ARS-CoV-2’s emergence, studies to date have tracked patients’ 

linical course up to six months post-infection [31–33] , but anec- 

otal reports are available describing patients with ongoing symp- 

oms as long as one year post-infection [34] . Symptoms experi- 

nced after the acute illness represent a significant challenge for 

atients, physicians, and society as a whole. The causes, patient 

rofile, and even symptom patterns associated with long COVID 

emain difficult to isolate, and the natural history of this con- 

ition remains uncharacterised. Goals of research on long COVID 

nclude understanding the natural history of the disease includ- 

ng the prognosis of the many individual manifestations of dis- 

ase, whether there are well delineated subtypes, whether specific 

haracteristics of the acute phase of COVID-19 predispose to long 

OVID, and what treatments may best accelerate recovery. Here, 

e have reported 287 HPO terms representing clinical anomalies 

eported as long COVID in persons following acute COVID-19. For 

ome of the terms, such as those reported only once to date, fur- 
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6 
her research will be required to determine if the abnormalities are 

pecifically related to COVID-19 and their frequency. We have pre- 

ented plain-language ‘translations’ of all terms that can be used 

o create patient questionnaires. 

.1. Linking layperson and health-professional research 

One of the challenges in characterizing long COVID is the fact 

hat patients report symptoms that may not be captured by clinical 

valuation or in standard surveys. To truly characterise long COVID 

nd therefore stratify patients into subtypes for care decisions, 

t is necessary to engage patients directly in the description of 

heir long COVID features. However, medical terminology is often 

erplexing to patients, making it difficult for patient-researchers 

o use resources like the HPO. Patients themselves are an eager 

nd untapped source of accurate information about symptoms and 

henotypes, some of which may go unnoticed by the clinician [6] . 

atients and clinicians use different terms to describe the same 

ymptoms or conditions. In many cases, the clinical term is an 

xact match to the layperson synonym; however, other times the 

ayperson terminology is less precise. HPO allows layperson syn- 

nyms to be mapped to an ontology, with more specific terms 

eing defined as subtypes of more general terms. Mapping lay 

erminology to HPO for long COVID symptoms will help patients 

ssist clinicians and researchers in creating robust computational 

henotype profiles, which may improve the diagnosis and treat- 

ent of long COVID. Here, we systematically abstracted 287 long 

OVID manifestations including signs, symptoms, and laboratory as 

ell as imaging abnormalities, added layperson synonyms where 

issing, and mapped layperson to HPO terminology. We wrote 

lain-language definitions for these terms to supplement the ex- 

sting definitions that are aimed at healthcare professionals and re- 

earchers. [35] (35). A full list is available in the supplemental ma- 

erial in human and computer readable form. This common set of 

efinitions can promote integration of research by translating be- 

ween patient and clinician descriptions of symptoms. We antici- 

ate that these terms, synonyms and definitions will be a critical 

esource for use in survey instruments and patient apps for stan- 

ardizing patient-reporting in the future study of long COVID. 

In addition to using different terms, inaccurate terms have also 

een used to describe some symptoms of long COVID. For exam- 

le, “loss of smell” is a commonly reported problem facing patients 

uring both acute infection and long COVID. However, this term is 

ften used to describe both true “loss of smell”, anosmia, and also 

istakenly used for “distorted smell,” or parosmia. Parosmia is a 

ualitative disorder of smell that is defined by distorted olfactory 

erception in the presence of an existing stimulus [36] . Parosmia in 

OVID-19 has been reported as an unpleasant perception of odor- 

nts (troposmia) that follows anosmia and may persist for several 

onths [37] . Post-viral parosmia has been suggested to develop 

n the olfactory neuron regeneration phase due to a preponder- 

nce of immature neurons during re-innervation [38] . This concept 

as been proposed for COVID-19 related parosmia as well due to 

 similar pattern of succession [39] . Parosmia was not specifically 

oted in the studies reviewed for this work, but has been shown 

o have a high prevalence in acute and post-acute COVID-19 asso- 

iated parosmia [40] . 

The HPO layperson synonym mapping from this study will 

acilitate the construction of common data elements related to 

ong COVID research. A strategic plan of the National Library of 

edicine (NLM) 2017-2027 and a recent NIH strategic plan for 

ata science identify common data elements as a means by which 

o improve data interoperability across studies [41] . Developing a 

tandardised vocabulary with HPO mapped to layperson terms to 

haracterise long COVID symptoms and findings will provide valu- 

ble guidance in building common data elements for textual and 
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maging annotation schema as well as creating patient-centered 

easurement instruments and clinical surveys. 

As long COVID related data increasingly accumulates in EHRs, 

t is promising to generate practice-based evidence through the 

econdary use of EHR. However, it is challenging to conduct such 

esearch without using natural language processing (NLP), since 

uch information is only stored in unstructured clinical narra- 

ives; additionally, because many providers are unfamiliar with the 

ast array of long COVID symptoms, many are not recorded in 

hese narratives. The layperson definitions and associated synonym 

apping would greatly accelerate the development and evaluation 

f NLP algorithms for extracting long COVID signs and symptoms 

rom EHRs. Baseline NLP algorithms based on HPO can be imple- 

ented. Specifically, a fast trie based string matching approach can 

pot long COVID terms on the fly in massive clinical corpora for 

ear real-time interactive analyses of long COVID phenomena from 

HR data. A many-to-one mapping from synonyms to HPO terms 

dentified in this effort will then facilitate more rapid long COVID 

nalytics. Additionally, this effort would enable the rapid devel- 

pment of an annotation guideline for generating benchmarking 

ata, a critical component in developing and evaluating NLP algo- 

ithms. If this annotation includes notes from several sites, even 

pelling mistakes (that nevertheless refer to long COVID terms) can 

e spotted by first building a named entity recognition (NER) tool 

nd then mapping mentions to long COVID HPO terms through ap- 

roximate matching via neural word embeddings constructed from 

haracter-based neural language models. Another important affor- 

ance of this effort is to be able to mine social media posts for 

ong COVID disclosures from patients and healthcare consumers to 

omplement EHR-derived surveillance [42] (preprint). 

As the National COVID Cohort Collaborative (N3C) established 

 collaboration among multiple organizations through pandemic 

ata sharing, i.e., Common Data Model (CDM), the long COVID con- 

ept standardization enabled by this study will play an indispens- 

ble role in achieving the semantic interoperability for the sec- 

ndary use of EHR among multiple sites. 

.2. Improving future research on the natural history of long COVID 

All published studies analyzed in this work present their re- 

ults in aggregate rather than providing row level data for each 

articipant. This prevents most data reuse to analyze correlations 

etween comorbidities and risk for long COVID or for specific man- 

festations of long COVID, and this makes it impossible to inves- 

igate potential correlations between long COVID manifestations. 

herefore, future studies should present non-identifiable informa- 

ion about individual patients. This will allow correlations between 

ariables. Also, studies need to use controlled vocabulary to classify 

atients and need to agree on a minimal set of information. Pre- 

enting (non-identifiable) data in the form of a table with one row 

er patient would be a great improvement over the current status. 

ore sophisticated strategies for recording individual clinical his- 

ories are available, such as the Global Alliance for Genomics and 

ealth phenopacket schema [43] . 

The majority of studies included in this analysis did not apply 

nclusion criteria to correspond to any specific definition of long 

OVID, but instead studied groups of patients who had previously 

ndergone infection by SARS-CoV-2 with a range of manifestations 

n the acute phase. Long COVID can be broadly defined as delayed 

ecovery from an episode of COVID-19 and is characterised by last- 

ng effects of the infection, e.g., persistence of symptoms or onset 

f new chronic diseases, for longer than would be expected [8] . 

lthough no firm criteria have been established to define the post- 

cute period or sub-categories within long COVID, several sets of 

uidelines have been proposed for the classification of COVID-19- 

elated disease phenotypes, and these criteria were compared to 
7 
he definitions used in the literature. For example, a recently pro- 

osed public health framework classifies SARS-CoV-2-related dis- 

ase into three categories [44] . The first is acute COVID-19, or 

he disease most commonly associated with acute SARS-CoV-2 in- 

ection. The second category includes Multisystem Inflammatory 

yndrome in Children (MIS-C) and in adults (MIS-A), a less com- 

on presentation of SARS-CoV-2 infection characterised by hyper- 

nflammation that can appear 4-6 weeks after viral infection [45] . 

he third category describes late sequelae [44] . In terms of defin- 

ng study cohorts, adherence with this definition would require a 

linical diagnosis, rather than a SARS-CoV-2 test alone, to distin- 

uish MIS-C/A and COVID-19. While it appears too early to propose 

 set of computable definitions for the various types of disease as- 

ociated with SARS-CoV-2 (because we are still learning about the 

atural history), it would be advantageous for studies to apply a 

urrently accepted definition of long COVID and to describe details 

n the methods. Studies should denote comorbidities using a stan- 

ard ontology of diseases such as Mondo [46] . 

Additionally, in many cases it is difficult to know if a clinical 

bnormality was present prior to acute COVID-19 and was merely 

iagnosed by investigations and additional clinical tests that were 

erformed following the diagnosis of COVID-19. For instance, Hep- 

tic steatosis was reported to be more common in individuals fol- 

owing acute COVID-19 infection in a single study [47] . However, 

his is a common finding in the general population and additional 

esearch will be required to characterise its precise relation to long 

OVID. 

The studies analyzed in this work varied widely in the termi- 

ology used to describe patient-reported symptoms as well as clin- 

cal signs, laboratory abnormalities, and imaging findings. For ex- 

mple, the studies analyzed included a mixture of reports of ageu- 

ia [ 4 8 , 4 9 ], anosmia [ 4 8 , 4 9 ], anosmia/ageusia [50] , loss of smell

 51 , 52 ], loss of taste [51] , loss of smell and taste [53] , loss of

mell or taste [54] , and loss of smell and/or taste [55] . While in

any cases there are parallels among studies (e.g., studies report- 

ng anosmia and loss of smell are likely to be asking the same 

r similar questions of patients), the lack of a strict definition 

revents straight-forward symptom matching across multiple pub- 

ished analyses. Different studies measure clinical manifestations in 

ifferent ways. For instance, the presence of fatigue can be mea- 

ured by a yes/no question in an online questionnaire or can be 

nferred from the results of a multidimensional study instrument 

uch as the Short Form-36 Vitality scale [56] . In such cases, stan- 

ard use of a full terminology such as HPO would be useful to cre- 

te expressive and consistent meaning across studies. Future stud- 

es should make data available using either the HPO terms pro- 

ided here or other terms from the full collection of over 16,0 0 0 

PO terms. 

From a clinical standpoint our work demonstrates that man- 

ging long COVID patients will require a multidisciplinary effort. 

iven that respiratory system findings and fatigue were the most 

ommon, a pulmonologist with a pulmonary rehabilitation pro- 

ram will be one of the cornerstones of any long COVID manage- 

ent program. At the same time considering the high frequency 

f psychiatric and neurological symptoms, psychiatrists and neu- 

ologists with specialization in neurocognitive testing and treat- 

ent will be necessary. Furthermore given the extreme variation 

n symptoms and presentation, a primary care internist will have 

o be responsible for coordinating the care of long COVID patients 

ith appropriate referrals when required. Taking into account the 

igh frequency of long COVID in survivors primary care physicians 

ill have to be made aware of the myriad presentations of long 

OVID with active screening for long COVID. Primary care physi- 

ians will need to refer long COVID patients to dedicated long 

OVID management programs. 



R.R. Deer, M.A. Rock, N. Vasilevsky et al. EBioMedicine 74 (2021) 103722 

w

l

y

d

t

c

a

5

a

f

d

d

E

W

T

L

m

o

r

D

J

f

A

R

P

B

G

p

B

C

U

D

i

S

f

R

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

[  

[  

[  

[  

[  

[  

[  

[  

[  
Working toward computable long COVID phenotypes in this 

ay will improve our ability to understand the natural history of 

ong COVID. Such phenotypes will also allow observational anal- 

ses of factors that may reduce long COVID symptoms. The stan- 

ardised phenotypic features and synonyms bundled in the HPO 

erms presented here are a foundation for natural language pro- 

essing of EHR data, clinical decision support tools, and analytic 

pproaches such as machine learning. 

. Contributors 

Author contributions are as follows: MAH, PNR, RRD conceptu- 

lised and designed the study. RRD, MAR, NV, LC, HR, PNR per- 

ormed the data abstraction and curation. RRD, PNR validated the 

ata. PNR performed the data analysis. RRD, MAR, HR, PNR, MAH 

rafted the manuscript. RRD, MAR, NV, LC, JR, AJA, MDB, TDB, TB, 

AB, CTB, JBB, TJC, LEC, HC, CGC, BDC, HED, JG, CSG, WBH, RK, 

DK, FMK, SK, CL, FL, HL, VM, CRM, NM, DRM, JAM, DSM, RAM, 

SM, AMP, MAP, EP, JTR, JS, RS, AES, JS, HE, GSS, AAS, UT, GDV, 

W, MAH, and PNR interpreted the data and critically revised the 

anuscript for important intellectual content related to their area 

f expertise. JAM, PNR assisted with data visualization. All authors 

ead and approved the final version to be published. 

eclaration of Competing Interest 

RRD, TDB, JBB, CGC, WBH, JAM, AMP, ERP, HMR, JS, RAS, AES, 

S, GS, MAH, PNR report funding from NIH. MAH and JAM are co- 

ounders of Pryzm Health. 

cknowledgements 

This work was supported by NCATS U24 TR002306. Rachel 

. Deer supported by UTMB CTSA UL1TR001439 and NIA 

30AG024832; Halie M. Rando was supported by The Gordon and 

etty Moore Foundation (GBMF 4552) and the National Human 

enome Research Institute (R01 HG010067); Tellen D. Bennett sup- 

orted by NIH UL1TR002535 03S2 and NIH UL1TR002535; James 

rian Byrd supported by NIH grant K23HL128909; Christopher G. 

hute supported by U24 TR002306. Julian Solway supported by 

L1TR002389. Mallory A. Perry supported by K99GM145411. 

ata Sharing Statement 

The data used to support the findings of this study are provided 

n the main text and supplemental files. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.ebiom.2021.103722 . 

EFERENCES 

[1] Puelles VG , Lütgehetmann M , Lindenmeyer MT , Sperhake JP , Wong MN , All-

weiss L , et al. Multiorgan and Renal Tropism of SARS-CoV-2. N Engl J Med
2020;383(6):590–2 Aug 6 . 

[2] Gavriatopoulou M , Korompoki E , Fotiou D , Ntanasis-Stathopoulos I , 
Psaltopoulou T , Kastritis E , et al. Organ-specific manifestations of COVID-19 

infection. Clin Exp Med 2020;20(4):493–506 Nov . 
[3] Cucinotta D , Vanelli M . WHO Declares COVID-19 a Pandemic. Acta Biomed 

2020;91(1):157–60 Mar 19 . 
[4] Gao Z , Xu Y , Sun C , Wang X , Guo Y , Qiu S , et al. A systematic re-

view of asymptomatic infections with COVID-19. J Microbiol Immunol Infect 

2021;54(1):12–16 Feb . 
[5] Rando HM, Bennett TD, Byrd JB, Bramante C, Callahan TJ, Chute CG, et al. 

Challenges in defining Long COVID: Striking differences across literature, Elec- 
tronic Health Records, and patient-reported information. medRxiv [Internet] 

2021 Mar 26Available fromhttp://dx.doi.org/. doi: 10.1101/2021.03.20.21253896 . 
8 
[6] Davis HE , Assaf GS , McCorkell L , Wei H , Low RJ , Re’em Y , et al. Characteriz-
ing long COVID in an international cohort: 7 months of symptoms and their 

impact. EClinicalMedicine 2021;38:101019 Aug . 
[7] Greenhalgh T , Knight M , A’Court C , Buxton M , Husain L . Management of

post-acute covid-19 in primary care. BMJ 2020;370:m3026 Aug 11 . 
[8] Mahase E . Covid-19: What do we know about “long covid”? BMJ 

2020;370:m2815 Jul 14 . 
[9] Nasserie T , Hittle M , Goodman SN . Assessment of the Frequency and Variety

of Persistent Symptoms Among Patients With COVID-19: A Systematic Review. 

JAMA Netw Open 2021;4(5):e2111417 May 3 . 
[10] Köhler S , Gargano M , Matentzoglu N , Carmody LC , Lewis-Smith D ,

Vasilevsky NA , et al. The Human Phenotype Ontology in 2021. Nucleic Acids 
Res 2021;49(D1):D1207–17 Jan 8 . 

[11] Robinson PN , Mungall CJ . Haendel M. Capturing phenotypes for precision 
medicine. Cold Spring Harb Mol Case Stud 2015;1(1):a0 0 0372 Oct . 

[12] Köhler S , Carmody L , Vasilevsky N , Jacobsen JOB , Danis D , Gourdine J-P ,

et al. Expansion of the Human Phenotype Ontology (HPO) knowledge base and 
resources. Nucleic Acids Res 2019;47(D1):D1018–27 Jan 8 . 

[13] Haendel MA , Chute CG , Robinson PN . Classification, Ontology, and Precision 
Medicine. N Engl J Med 2018;379(15):1452–62 Oct 11 . 

[14] Lever J, Altman RB. Analyzing the vast coronavirus literature with CoronaCen- 
tral. Proc Natl Acad Sci U S A [Internet]. 2021;118(23). Jun 8Available from 

https://www.ncbi.nlm.nih.gov/pubmed/34016708 . 

[15] White PD , Thomas JM , Kangro HO , Bruce-Jones WD , Amess J , Crawford DH ,
et al. Predictions and associations of fatigue syndromes and mood disorders 

that occur after infectious mononucleosis. Lancet 2001;358(9297):1946–54 
Dec 8 . 

[16] Wensaas K-A , Langeland N , Hanevik K , Mørch K , Eide GE , Rortveit G . Irrita-
ble bowel syndrome and chronic fatigue 3 years after acute giardiasis: historic 

cohort study. Gut 2012;61(2):214–19 Feb . 

[17] Hickie I , Davenport T , Wakefield D , Vollmer-Conna U , Cameron B , Vernon SD ,
et al. Post-infective and chronic fatigue syndromes precipitated by viral and 

non-viral pathogens: prospective cohort study. BMJ 2006;333(7568):575 Sep 
16 . 

[18] Bansal AS , Bradley AS , Bishop KN , Kiani-Alikhan S , Ford B . Chronic fa-
tigue syndrome, the immune system and viral infection. Brain Behav Immun 

2012;26(1):24–31 Jan . 

[19] Moldofsky H , Patcai J . Chronic widespread musculoskeletal pain, fatigue, de- 
pression and disordered sleep in chronic post-SARS syndrome; a case-con- 

trolled study. BMC Neurol 2011;11:37 Mar 24 . 
20] Lam MH-B , Wing Y-K , Yu MW-M , Leung C-M , Ma RCW , Kong APS , et al. Men-

tal morbidities and chronic fatigue in severe acute respiratory syndrome sur- 
vivors: long-term follow-up. Arch Intern Med 2009;169(22):2142–7 Dec 14 . 

[21] Lee SH , Shin H-S , Park HY , Kim JL , Lee JJ , Lee H , et al. Depression as a Me-

diator of Chronic Fatigue and Post-Traumatic Stress Symptoms in Middle East 
Respiratory Syndrome Survivors. Psychiatry Investig 2019;16(1):59–64 Jan . 

22] Ong K-C , Ng AW-K , Lee LS-U , Kaw G , Kwek S-K , Leow MK-S , et al. 1-year pul-
monary function and health status in survivors of severe acute respiratory syn- 

drome. Chest 2005;128(3):1393–400 Sep . 
23] Ngai JC , Ko FW , Ng SS , To K-W , Tong M , Hui DS . The long-term impact of se-

vere acute respiratory syndrome on pulmonary function, exercise capacity and 
health status. Respirology 2010;15(3):543–50 Apr . 

24] Hui DS , Ko FW , Chan DP , Fok JP , Chan MC , To KW , et al. The long-term impact

of severe acute respiratory syndrome (SARS) on pulmonary function, exercise 
capacity, and quality of life in a cohort of survivors. Chest 2005;128(4):148S 

Oct . 
25] Zhang P , Li J , Liu H , Han N , Ju J , Kou Y , et al. Long-term bone and lung conse-

quences associated with hospital-acquired severe acute respiratory syndrome: 
a 15-year follow-up from a prospective cohort study. Bone Res 2020;8:8 Feb 

14 . 

26] Wu Q , Zhou L , Sun X , Yan Z , Hu C , Wu J , et al. Altered Lipid Metabolism in
Recovered SARS Patients Twelve Years after Infection. Sci Rep. 2017;7(1):9110 

Aug 22 . 
27] Yin C-H, Wang C, Wen Y, Jiang L, Lu Q, Li J-L, et al. [Prospective 2-year clini-

cal study of patients with positive IgG-antibodies after recovering from severe 
acute respiratory syndrome]. Zhongguo Wei Zhong Bing Ji Jiu Yi Xue. 2005 

Dec;17(12):740–2. 

28] Liu Y-X , Ye Y-P , Zhang P , Chen J , Ye H , He Y-H , et al. [Changes in pulmonary
function in SARS patients during the three-year convalescent period]. Zhong- 

guo Wei Zhong Bing Ji Jiu Yi Xue 2007;19(9):536–8 Sep . 
29] Il Jun K , Park WB , Kim G , Choi J-P , Rhee J-Y , Cheon S , et al. Long-term Respira-

tory Complication in Patients with Middle East Respiratory Syndrome: 1-year 
Follow-up After the 2015 Outbreak in South Korea. Open Forum Infect Dis 

2017;4(suppl_1):S577 Oct 4–S577 . 

30] Giordo R , Paliogiannis P , Mangoni AA , Pintus G . SARS-CoV-2 and en-
dothelial cell interaction in COVID-19: molecular perspectives. Vasc Biol 

2021;3(1):R15–23 Jan 12 . 
[31] Sykes DL , Holdsworth L , Jawad N , Gunasekera P , Morice AH , Crooks MG . Post–

COVID-19 Symptom Burden: What is Long-COVID and How Should We Manage 
It? Lung 2021;199(2):113–19 Apr . 

32] Zhang J , Xu J , Zhou S , Wang C , Wang X , Zhang W , et al. The characteristics of

527 discharged COVID-19 patients undergoing long-term follow-up in China. 
Int J Infect Dis 2021;104:685–92 Mar . 

33] Huang C , Huang L , Wang Y , Li X , Ren L , Gu X , et al. 6-month consequences
of COVID-19 in patients discharged from hospital: a cohort study. Lancet 

2021;397(10270):220–32 Jan 16 . 

https://doi.org/10.1016/j.ebiom.2021.103722
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0001
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0001
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0001
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0001
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0001
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0001
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0001
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0001
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0002
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0002
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0002
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0002
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0002
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0002
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0002
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0002
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0003
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0003
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0003
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0004
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0004
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0004
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0004
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0004
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0004
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0004
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0004
https://doi.org/10.1101/2021.03.20.21253896
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0006
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0006
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0006
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0006
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0006
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0006
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0006
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0006
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0007
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0007
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0007
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0007
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0007
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0007
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0008
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0008
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0009
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0009
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0009
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0009
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0010
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0010
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0010
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0010
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0010
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0010
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0010
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0010
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0011
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0011
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0011
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0012
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0012
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0012
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0012
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0012
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0012
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0012
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0012
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0013
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0013
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0013
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0013
https://www.ncbi.nlm.nih.gov/pubmed/34016708
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0015
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0015
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0015
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0015
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0015
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0015
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0015
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0015
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0016
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0016
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0016
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0016
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0016
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0016
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0016
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0017
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0017
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0017
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0017
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0017
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0017
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0017
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0017
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0018
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0018
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0018
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0018
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0018
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0018
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0019
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0019
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0019
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0020
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0020
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0020
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0020
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0020
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0020
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0020
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0020
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0021
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0021
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0021
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0021
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0021
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0021
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0021
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0021
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0022
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0022
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0022
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0022
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0022
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0022
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0022
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0022
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0023
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0023
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0023
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0023
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0023
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0023
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0023
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0024
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0024
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0024
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0024
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0024
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0024
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0024
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0024
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0025
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0025
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0025
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0025
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0025
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0025
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0025
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0025
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0026
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0026
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0026
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0026
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0026
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0026
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0026
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0026
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0028
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0028
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0028
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0028
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0028
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0028
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0028
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0028
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0029
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0029
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0029
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0029
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0029
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0029
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0029
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0029
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0030
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0030
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0030
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0030
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0030
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0031
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0031
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0031
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0031
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0031
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0031
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0031
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0032
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0032
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0032
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0032
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0032
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0032
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0032
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0032
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0033
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0033
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0033
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0033
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0033
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0033
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0033
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0033


R.R. Deer, M.A. Rock, N. Vasilevsky et al. EBioMedicine 74 (2021) 103722 

[

[  

[

[  

[  

[  

[  

 

[  

[

[  

[  

[  

 

[  

[

[  

 

[  

[

[

[  

[

34] Kirby T. COVID-19 survivor experiencing long-term symptoms. Lancet Respir 
Med [Internet] 2021 Feb 12; Available from: http://dx.doi.org/. doi: 10.1016/ 

S2213-2600(21)00092-8 . 
35] Vasilevsky NA , Foster ED , Engelstad ME , Carmody L , Might M , Chambers C ,

et al. Plain-language medical vocabulary for precision diagnosis. Nat Genet 
2018;50(4):474–6 Apr . 

36] Hawkes C . Parosmia: treatment, mechanism, and types. BMJ 2020;371:m4739 
Dec 8 . 

37] Chary E , Carsuzaa F , Trijolet J-P , Capitaine A-L , Roncato-Saberan M , Fouet K ,

et al. Prevalence and Recovery From Olfactory and Gustatory Dysfunctions 
in Covid-19 Infection: A Prospective Multicenter Study. Am J Rhinol Allergy 

2020;34(5):686–93 Sep . 
38] Cavazzana A , Larsson M , Münch M , Hähner A , Hummel T . Postinfec-

tious olfactory loss: A retrospective study on 791 patients. Laryngoscope 
2018;128(1):10–15 Jan . 

39] Mastrangelo A , Bonato M , Cinque P . Smell and taste disorders in

COVID-19: From pathogenesis to clinical features and outcomes. Neurosci Lett 
2021;748:135694 Mar 23 . 

40] Hopkins C , Surda P , Vaira LA , Lechien JR , Safarian M , Saussez S , et al. Six month
follow-up of self-reported loss of smell during the COVID-19 pandemic. Rhi- 

nology 2021;59(1):26–31 Feb 1 . 
[41] Sheehan J , Hirschfeld S , Foster E , Ghitza U , Goetz K , Karpinski J , et al. Improv-

ing the value of clinical research through the use of Common Data Elements. 

Clin Trials 2016;13(6):671–6 Dec . 
42] Banda JM , Singh GV S , Alser OH , Prieto-Alhambra D . Long-term patient-re-

ported symptoms of COVID-19: an analysis of social media data [Internet]. 
bioRxiv. medRxiv 2020. Available from: . http://medrxiv.org/lookup/doi/10. 

1101/2020.07.29.20164418 . 
43] phenopacket-schema [Internet]. Github; [cited 2020 Jun 8]. Available from: 

https://github.com/phenopackets/phenopacket-schema 

44] Datta SD , Talwar A , Lee JT . A Proposed Framework and Timeline of the Spec-
trum of Disease Due to SARS-CoV-2 Infection: Illness Beyond Acute Infection 

and Public Health Implications. JAMA 2020;324(22):2251–2 Dec 8 . 
45] Vogel TP, Top KA, Karatzios C, Hilmers DC, Tapia LI, Moceri P, et al. Multisys-

tem inflammatory syndrome in children and adults (MIS-C/A): Case definition 
& guidelines for data collection, analysis, and presentation of immunization 

safety data. Vaccine [Internet] 2021 Feb 24Available from: http://dx.doi.org/. 

doi: 10.1016/j.vaccine.2021.01.054 . 
46] Shefchek KA , Harris NL , Gargano M , Matentzoglu N , Unni D , Brush M ,

et al. The Monarch Initiative in 2019: an integrative data and analytic plat- 
form connecting phenotypes to genotypes across species. Nucleic Acids Res 

2020;48(D1):D704–15 Jan 8 . 
[47] Dennis A , Wamil M , Alberts J , Oben J , Cuthbertson DJ , Wootton D , et al. Mul-

tiorgan impairment in low-risk individuals with post-COVID-19 syndrome: a 

prospective, community-based study. BMJ Open 2021;11(3):e048391 Mar 30 . 
48] Garrigues E , Janvier P , Kherabi Y , Le Bot A , Hamon A , Gouze H , et al. Post-dis-

charge persistent symptoms and health-related quality of life after hospitaliza- 
tion for COVID-19. J Infect 2020;81(6):e4–6 Dec . 

49] Goërtz YMJ, Van Herck M, Delbressine JM, Vaes AW, Meys R, Machado FVC, 
et al. Persistent symptoms 3 months after a SARS-CoV-2 infection: the post- 

COVID-19 syndrome? ERJ Open Res [Internet] 2020;6(4) OctAvailable from: 
http://dx.doi.org/. doi: 10.1183/23120541.00542-2020 . 

50] Carvalho-Schneider C , Laurent E , Lemaignen A , Beaufils E , Bourbao-Tournois C ,

Laribi S , et al. Follow-up of adults with noncritical COVID-19 two months after 
symptom onset. Clin Microbiol Infect 2021;27(2):258–63 Feb . 

[51] Tenforde MW, Kim SS, Lindsell CJ, Rose EB, Shapiro NI, Clark Files D, et al.
Symptom Duration and Risk Factors for Delayed Return to Usual Health Among 

Outpatients with COVID-19 in a Multistate Health Care Systems Network —
United States, March–June 2020 [Internet]. MMWR. Morbidity and Mortal- 

ity Weekly Report. 2020;69:993–8 Available from: http://dx.doi.org/. doi: 10. 

15585/mmwr.mm6930e1 . 
52] Sudre CH , Murray B , Varsavsky T , Graham MS , Penfold RS , Bowyer RC , et al. At-

tributes and predictors of long COVID. Nat Med 2021;27(4):626–31 Apr . 
53] Petersen MS, Kristiansen MF, Hanusson KD, Danielsen ME, Á Steig B, Gaini S, 

et al. Long COVID in the Faroe Islands - a longitudinal study among non- 
hospitalized patients. Clin Infect Dis [Internet] 2020 Nov 30; Available from: 

http://dx.doi.org/. doi: 10.1093/cid/ciaa1792 . 

54] Nehme M, Braillard O, Alcoba G, Aebischer Perone S, Courvoisier D, Chap- 
puis F, et al. COVID-19 Symptoms: Longitudinal Evolution and Persistence in 

Outpatient Settings. Ann Intern Med [Internet] 2020 Dec 8; Available from: 
http://dx.doi.org/. doi: 10.7326/M20-5926 . 

55] Chopra V , Flanders SA , O’Malley M , Malani AN , Prescott HC . Sixty-Day
Outcomes Among Patients Hospitalized With COVID-19. Ann Intern Med 

2021;174(4):576–8 Apr . 

56] Neuberger GB . Measures of fatigue: The fatigue questionnaire, fatigue severity 
scale, multidimensional assessment of fatigue scale, and short form-36 vital- 

ity (energy/fatigue) subscale of the short form health survey. Arthritis Rheum 

2003;49(S5):S175–83 Oct 15 . 
9 

https://doi.org/10.1016/S2213-2600(21)00092-8
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0035
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0035
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0035
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0035
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0035
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0035
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0035
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0035
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0036
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0036
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0037
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0037
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0037
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0037
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0037
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0037
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0037
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0037
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0038
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0038
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0038
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0038
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0038
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0038
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0039
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0039
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0039
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0039
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0040
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0040
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0040
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0040
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0040
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0040
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0040
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0040
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0041
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0041
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0041
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0041
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0041
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0041
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0041
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0041
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0042
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0042
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0042
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0042
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0042
http://medrxiv.org/lookup/doi/10.1101/2020.07.29.20164418
https://github.com/phenopackets/phenopacket-schema
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0044
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0044
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0044
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0044
https://doi.org/10.1016/j.vaccine.2021.01.054
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0046
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0046
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0046
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0046
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0046
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0046
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0046
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0046
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0047
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0047
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0047
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0047
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0047
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0047
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0047
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0047
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0048
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0048
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0048
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0048
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0048
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0048
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0048
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0048
https://doi.org/10.1183/23120541.00542-2020
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0050
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0050
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0050
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0050
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0050
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0050
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0050
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0050
https://doi.org/10.15585/mmwr.mm6930e1
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0052
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0052
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0052
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0052
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0052
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0052
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0052
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0052
https://doi.org/10.1093/cid/ciaa1792
https://doi.org/10.7326/M20-5926
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0055
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0055
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0055
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0055
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0055
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0055
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0056
http://refhub.elsevier.com/S2352-3964(21)00516-8/sbref0056

	Characterizing Long COVID: Deep Phenotype of a Complex Condition
	Evidence before this study
	Added value of this study
	Implications of all the available evidence
	1 Introduction
	2 Methods
	3 Results
	4 Discussion
	4.1 Linking layperson and health-professional research
	4.2 Improving future research on the natural history of long COVID

	5 Contributors
	Declaration of Competing Interest
	Acknowledgements
	Data Sharing Statement
	Supplementary materials
	REFERENCES


