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Summary
Background Post-COVID-19 condition (PCC) affects millions of people, and is an essential component of the long-
term impact of COVID-19 during the post-pandemic era. Yet, consensus on clinical case definition and core
components of PCC remains lacking, affecting our ability to inform research and evidence-based management.
Our study aims 1) to identify the most specific symptoms for PCC, and identify clinical subtypes; 2) to evaluate
both virus- and host-related determinants of PCC, and 3) assess the impact of PCC on physical and mental health.

Methods We studied participants from UK Biobank who completed a health and wellbeing survey between June and
September 2022. Participants reported the current conditions of the presence, duration, and functional limitations of
45 symptoms, using an online questionnaire designed specifically for COVID-19 research. SARS-CoV-2 infection
status and disease history were obtained through linkage to surveillance data and electronic medical records,
respectively. Participants reporting symptoms within 30 days after infection (acute phase) were excluded. The
most specific PCC symptoms were defined using two criteria: statistical significance (P < 0.05 after Bonferroni
correction) and clinical relevance (absolute risk increase > 5%). Propensity score weighting was used to control for
confounding. Subtypes of PCC were then defined based on the specific symptoms among the COVID-19 infected
individuals. A multivariable regression was used to study pathogen- and host-related risk factors for PCC, and its
impact on 13 physical and 4 mental health patient-reported functional outcomes.

Findings 172,303 participants (mean age 68.9, 57.4% female) were included in the analysis, of whom 43,395 had PCR-
confirmed COVID-19. We identified 10 most specific symptoms and classified four PCC subtypes: ENT subtype
(30.1%), characterized by alterations in smell, taste, and hearing loss; cardiopulmonary subtype (10.4%),
characterized by shortness of breath, postural tachycardia, chest tightness, and chest pressure; neurological
subtype (23.5%), characterized by brain fog and difficulty speaking; and general fatigue subtype (38.0%),
characterized by mild fatigue. A higher PCC risk was observed for patients with Wild-type variant, multiple
infections, and severe acute COVID-19 illness, consistently across the four PCC subtypes. In addition, a range of
factors, including socioeconomic deprivation, higher BMI, unhealthy lifestyle, and multiple chronic health
conditions, were associated with increased PCC risk, except for age and sex. Conversely, vaccination was
associated with a largely reduced PCC risk, particularly for the cardiopulmonary subtypes. Individuals with PCC
experienced a much worse physical and mental health. Specifically, the cardiopulmonary subtype had the most
pronounced adverse impact on function impairments, followed by neurological, mild fatigue, and ENT subtype.
*Corresponding author. Centre for Statistics in Medicine and NIHR Biomedical Research Centre Oxford, NDORMS, University of Oxford,
Oxford, UK.
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The most affected functions included the ability to concentrate, participate in day-to-day work, and emotional
vulnerability to health problems.

Interpretation PCC can be categorized into four distinct subtypes based on ten core symptoms. These subtypes
appeared to share a majority of pathogen and host-related risk factors, but their impact on health varied markedly by
subtype. Our findings could help refine current guidelines for precise PCC diagnosis and progression, enhance the
identification of PCC subgroups for targeted research, and inform evidence-based policy making to tackle this new
and debilitating condition.

Funding NIHR Senior Research Fellowship (grant SRF-2018-11-ST2-004).

Copyright © 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study
We searched PubMed and MEDLINE for articles published
between March 1, 2020, and July 1, 2024, using the search
terms “post-COVID condition”, “long COVID”, “post-acute
sequelae”, “definition”, “subtype”, “cluster”, “risk factor”,
“prevention”, “management”, and “treatment”, with no
language restrictions. Previous studies with variable designs
have reported substantially divergent PCC prevalence and
symptomatology. Although a consensus-based core symptom
set has been developed, the use and reporting of PCC are
largely heterogeneous across major organizational definitions
from WHO, UK NICE, and US CDC, and across real-world
studies. In addition, most PCC studies used electronic health
records to curate PCC phenotypes, which are known to be
limited by heterogeneity in clinical coding, inadequacy and
incompleteness of diagnostic codes for the capturing of
symptoms, and biases in participant selection and health care
use. Furthermore, previous evidence supported that PCC
should be regarded as an umbrella condition with multiple
subtypes, and each may potentially link to distinct
physiopathology mechanisms. However, previous studies have
identified symptom clusters/subtypes that span almost all
organ and system domains, which were rarely replicable
across cohorts. Regarding the determinants, although PCC has
been associated with factors such as age, sex, and ethnicity,
whether a range of host- and virus-related determinates of
overall PCC also consistently related to various PCC subtypes
remains unclear. The impact of PCC and its subtypes on
patient-reported health and functioning are also still not
widely recognised. These knowledge gaps in the condition
core symptoms, subtypes, determinants, and health impacts
of PCC should be addressed to inform evidence-based policy
making to tackle this new and debilitating condition.

Added value of this study
In this study integrating both longitudinal electronic medical
records and patient-centred data among a large community-
based cohort of 172,303 participants, we discerned the ten
most indicative symptoms for the diagnosis of PCC. Based on

the identified symptomatology, we classified PCC into four
major subtypes, dominated by ENT, respiratory and cardiac
symptoms, cognitive impairments, and mild fatigue. In
addition, we provided an in-depth evaluation of the
determinants of each PCC subtype, including both virus- and
host-related aspects: infection by pre-omicron variants, repeat
infection, severe acute COVID-19, overweight and obesity,
unhealthy lifestyle, and multiple comorbidities significantly
increased PCC risk across all subtypes. Conversely, vaccination
against COVID-19 (primary and booster) significantly reduced
the risk of all PCC subtypes. Pre-existing comorbidities were
more closely associated with PCC symptoms affecting the
same organs/systems. For example, COPD and depression led
to higher risks of cardiopulmonary and neurological subtypes,
respectively. Lastly, our results reveal that the
cardiopulmonary and neurological subtype had the strongest
adverse impacts on both physical and mental health. These
results highlight the heterogeneity in the presentation of PCC,
demographic and clinical risk factors, and related functional
impact of PCC, and the importance of characterizing the
underlying mechanisms. These novel findings have great
potential to advance the current understanding, diagnosis,
and management of the long-term adverse effects of COVID-
19 during the post-pandemic era.

Implications of all the available evidence
By combining the EHR and patient-reported data, our
investigation showed that PCC can be categorized into four
distinct subtypes based on ten core symptoms. These
subtypes appeared to share a majority of pathogen (e.g.,
COVID-19 variants, multiple infections, hospitalization, and
vaccination) and host-related (age, sex, healthy lifestyle, BMI,
socioeconomic factors, and multiple comorbidities) risk
factors, but their impact on health varied markedly by
subtype. Our findings could help refine current guidelines for
precise PCC diagnosis and progression, enhance the
identification of PCC subgroups for targeted research, and
inform evidence-based policy making to tackle this new and
debilitating condition.
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Introduction
Post-COVID-19 conditions (PCC) or long COVID,
generally defined as ongoing, relapsing, or new onset
multisystem symptoms or related conditions during the
post-acute stage of SARS-CoV-2 infection, constitute a
global public health crisis. This novel clinical entity can
persist up to 3 years following the initial infection,1,2

which has affected millions of people worldwide,3 and
had significant impacts on daily functioning, quality of
life, work, and healthcare costs.4 Unfortunately, limited
management strategies have been established to date.
There is therefore an urgent need to research PCC-
related symptomatology and determinants to inform
effective prevention and treatment strategies.

Previous studies with variable designs have reported
substantially divergent PCC prevalence and symptoms.5

The lack of consensus on case definition and core
components of PCC has also led to heterogenous
outcome measures,6 undermining the comparability
between studies and limiting our ability to inform
evidence-based management. The four key elements for
precision PCC diagnosis should include a core symptom
set,7 timeframe from infection, persistence, and impacts
on daily functioning. However, the adoption of these
elements varied significantly across major organiza-
tional definitions from WHO, UK NICE, and the US
CDC,8 and across many previous studies.5 In addition,
most PCC studies used electronic health records (EHRs)
to curate PCC phenotypes, which are known to be
limited by heterogeneity in clinical coding, inadequacy
and incompleteness of diagnostic codes for the
capturing of symptoms, and biases in participant se-
lection and health care use.9

PCC should be regarded as an umbrella condition
with multiple subtypes, and each may link to distinct
physiopathology mechanisms.10–14 Yet, previous studies
have identified symptom classes that span almost all
organ and system domains, which were rarely replicable
across cohorts. Notably, although PCC has been asso-
ciated with factors such as age, sex, and ethnicity,10,11,14

whether a range of host- and virus-related de-
terminates of overall PCC also consistently related to
various PCC subtypes remains unclear. Furthermore,
the impact of PCC and its subtypes on patient-reported
health and function are still not widely recognised. Ac-
curate refinement of PCC symptomatology, de-
terminants, and health impacts can potentially help
reveal the pathophysiology of PCC and inform targeted
care strategies.15

To fill these knowledge gaps, we used comprehen-
sive data with detailed patient-centred outcomes from
participants in a large and rich prospective population-
based cohort, and set out to: (1) identify the most spe-
cific symptoms (MSS) of PCC and its clinical subtypes;
(2) characterize the virus- and host-related determinants
of PCC; and (3) assess the impact of PCC on physical
and mental health and functioning.
www.thelancet.com Vol 111 January, 2025
Methods
Data sources
We used data from the UK Biobank, a prospective
population-based cohort study with over 500,000 par-
ticipants recruited between 2006 and 2010 across En-
gland, Scotland, and Wales. Besides the comprehensive
baseline data, several external databases have been
linked to UK Biobank participants to enable the follow-
up of their health and disease outcomes.16,17 Details of
the cohort profile and data linkages have been described
previously.18

During the COVID-19 pandemic, an online Health
and Well-being survey was conducted for all survivals of
UK participants in order to assess the impact of COVID-
19 by directly collecting data from patients. Initially, a
pilot study involving 10,000 participants was first con-
ducted to ascertain the robustness of the survey plat-
form and the acceptability of the questionnaire’s content
and length. Subsequently, 333,427 individuals were
invited via email, and 60.5% (201,684) completed the
online questionnaire between 22nd June 2022 and 15th
May 2023. A further 1094 participants without email
invitation completed the survey directly via the UK
Biobank website. The questionnaire included questions
on current health issues, mental health conditions, and
daily functional impairments, designed by an expert
panel with expertise in long COVID. It incorporated
items from the Wellcome COVID-19 questionnaire and
surveys from other extensive cohort studies such as
REACT, TwinsUK, and the ZOE COVID Study.
Consultation with the researchers who developed a
CORE outcome set for Long COVID was also involved to
ensure the inclusion of symptoms most relevant to post-
acute COVID. Supplementary Table S1 lists the origins
and sources of questionnaire items. Details of Health
and Well-being survey are provided online (https://
biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2500).

Study design
We performed a retrospective cohort and a cross-
sectional analysis among UK Biobank individuals who
had completed the online Health and Well-being survey.

For the cohort analysis of PCC symptoms, we
curated an COVID-19 infection group who are partici-
pants with a prior PCR-confirmed SARS-CoV-2 infec-
tion, and a control group who are participants without
the infection. PCR-based testing results for SARS-CoV-2
were obtained from Public Health England’s Second
Generation Surveillance System (PHE-SGSS), a
centralized microbiology database covering English
clinical diagnostics laboratories that had been previously
validated for COVID-19 research.19,20 The infection sta-
tus was confirmed before or on the date of the survey
when the patient-reported outcomes were collected (Ts).
Specifically, in the infected group, we defined the
infection date as the index date (T0) when the follow-up
starts. For those with multiple infections, date of the
3
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most recent infection was used as the T0, given that the
PCC being studied may be more closely associated with
recent than earlier ones. Whereas in the control group,
we assigned a random T0 based on the calendar time
distribution in the infection group, which ensures an
comparable follow-up duration (Ts-T0) between the two
groups. Subsequently, we excluded people who
completed the survey within 30 days of the infection, to
ensure the reported symptomatology related to post-
acute COVID only. Overall, 3% of remaining partici-
pants were excluded due to failure of the initial identity
check. Based on the identified PCC symptomatology, we
classified PCC as those who reported at least one PCC
core symptoms during the survey and had a record of
COVID-19 30 days before the survey date.

For the cohort analysis of PCC risk factors, COVID-
19 group, and two reference groups were defined: (1)
participants reported no PCC core symptom but previ-
ously infected with COVID-19, and (2) participants
previously not infected with COVID-19. For pathogen-
related risk factors, we compared the COVID-19 group
with uninfected participants. For host-related risk fac-
tors, we compared the PCC group with those without
PCC among the COVID-19 group.

For the cross-sectional analysis of PCC’s health
impact, we compared the PCC group with those without
PCC among the COVID-19 group.

A study design diagram for both analyses is depicted
in Supplementary Fig. S1.

Covariates
We prespecified covariates previously related to COVID-
19 for the adjustment of potential confounders based on
previous research,19,20 including age, sex, index of mul-
tiple deprivation (IMD), education, ethnicity, body mass
index, smoking status, physical activity level measured
by the International Physical Activity Questionnaire,
and all prior comorbidities with prevalence larger than
1% in our cohort.

Outcomes and measurements
The primary outcomes of the current study were the
presence of 45 prespecified somatic and mental symp-
toms potentially related to COVID-19. This information
was collected in the questionnaire based on participants’
responses to the question: “Are you currently suffering
from any of the following health issues that are new or
have worsened in recent weeks?”. For those reporting
symptoms, their impact on daily life and activities was
further investigated through the question: “To what
extent is the issue affecting you?”, with answer options
of ‘It is not limiting me’ and ‘It is causing me to avoid,
reduce or spread out my usual activities’. The correla-
tion between these 45 symptoms in 7 domains is pro-
vided in Supplementary Fig. S2.

Secondary outcomes included a predefined list of
mental and physical function impairments, identified
through the question: “Over the last 2 weeks, how often
have you been bothered by any of the following prob-
lems?” for mental health using PHQ-4, and “How much
difficulty do you have with the following activities?” for
physical functioning. Response options were structured
on a four-point Likert scale for the former question
ranging from ‘Not at all’, ‘Several days’, ‘More than half
the days’ and ‘Nearly every day’, and a five-point Likert
scale for the later question ranging from ‘No difficulty’,
‘Mild difficulty’, ‘Moderate difficulty’, ‘Severe difficulty’,
to ‘Extreme difficulty’.

We defined answers of ‘Do not know’ or ‘Prefer not
to answer’ as missing values. Given that few data were
missing, with the highest proportion of missing values
observed for the symptoms of hearing loss (2.9%) and
bone pain (2.8%), we thus conducted the complete case
analysis for this study.

Ethics
This study received ethical approval from UK Biobank
Ethics Advisory Committee (EAC) and was performed
under the application of 151,425. All participants pro-
vided written informed consent at the UK Biobank
cohort recruitment.

Statistical analysis
We used propensity score (PS) weighting to control for
difference in baseline characteristics between the
COVID-19 infected group and the control group. We
built a multivariable logistic regression with Lasso L1
penalty to estimate the PS as the probability of
belonging to the infection group, using all covariates
listed above. Inverse probability weights were calculated
as one divided by the PS in the infection group and
divided by one minus PS in the control group. We then
examined the covariate balance between groups. An
absolute standardized mean difference (SMD) less than
0.1 were regarded as well balanced. The same PS
weighting procedures were performed both in the lon-
gitudinal cohort and cross-sectional analysis.

We used PS-weighted logistic regression to calculate
odds ratio (OR) for the primary and secondary out-
comes. We used the most strict Bonferroni method21 to
correct for multiple testing in our study and reported
corrected confidence intervals under the P < 0.05/(45)
for the primary outcomes and P < 0.05/(17) for the
secondary outcomes. The most specific symptoms
(MSS) of PCC were identified using a dual criteria
approach22: statistical significance (P < 0.05 after Bon-
ferroni correction) and clinical relevance (relative risk
increase > 5%), after the propensity score adjustment.
PCC was defined as the presence of at least one MSS
symptom ≥30 days after a COVID-19 infection in the
main analysis. PCC subtypes were further classified as
the presence of symptoms in each relevant domain,
according to existing literature, clinical knowledge, and
expert opinion.
www.thelancet.com Vol 111 January, 2025
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We assessed potential determinants for PCC,
including pathogen-related factors (SARS-CoV-2 vari-
ants, reinfection, hospitalization due to COVID-19) and
host-related factors (age, sex, IMD, ethnicity, obesity,
lifestyle factor, comorbidity, and COVID-19 vaccination
status). SARS-CoV-2 variants were classified according
to the calendar period of predominant strain reported in
the UK (Wild: 01/03/2020 to 31/12/2020, Alpha: 01/01/
2021 to 31/07/2021, Delta: 01/08/2021 to 30/11/2021,
Omicron: after 01/21/2021). Lastly, we assessed the
impact of PCC on daily functioning based on 13 phys-
ical and 4 mental variables.

We conducted two sensitivity analyses. First, we
excluded participants who had an infection within 90
(instead of 30) days prior to the survey to define PCC
and its subtypes. The adjustment was made as there is
no uniform definition for long COVID, which is
currently described as conditions occurring 30–90 days
after infection in existing guidelines. Second, we
defined PCC and its subtypes as the presence of specific
symptoms developed 90 days following SARS-CoV-2
infection and last for less than twelve weeks with
impact on daily functioning, which is consistent with
the current WHO definition of long COVID.

Role of funders
The sources of funding did not influence the design of
the study, the collection of data, the analysis of data, the
interpretation of results, or the writing of the
manuscript.
Results
Baseline characteristics of cohorts
Study design and the process of cohort construction are
provided in Supplementary Fig. S1. Out of 195,680 re-
spondents to the Health and Well-being survey in the
UK Biobank, 23,357 individuals were excluded due to
either completing the questionnaire after the end date of
data linkage (September 30, 2022; 90% of participants
completed the survey by August 30, 2022) or having
COVID-19 within 30 days prior to the symptom
reporting date. Of these, 43,395 were identified with
PCR-confirmed COVID-19, constituting the infection
cohort, while the remaining 128,908 served as uninfected
controls. Supplementary Fig. S3 illustrates the distribu-
tion of index dates for the infection and control cohorts
over the study period (March 2020-Augest 2022). Both
groups showed a similar median interval between the
index and symptoms reporting dates (215 days in the
infection and 218 days in the control). Before weighting,
the absolute SMDs for all covariates were below 0.1,
except for age: participants in the control group were
approximately 2 years older compared with the infection
group (mean [SD] age: 69.5 [7.5] years vs 67.3 [7.7] years,
SMD). All other socio-demographic factors and comor-
bidities were similar between groups. Prevalence of
www.thelancet.com Vol 111 January, 2025
chronic diseases were similar between groups. After PS
weighting, all characteristics were well balanced (SMD <
0.1), and index dates were fully aligned (Table 1 and
Supplementary Fig. S3).

Specific symptoms and PCC subtypes
In PS-weighted cohorts, 17 of 45 symptoms showed
positive and statistically significant associations with
COVID-19 (BF adjusted P-value < 0.05) (Fig. 1). Among
these, seven symptoms did not meet the clinical sig-
nificance threshold, with an OR < 1.05: “tinnitus”,
“other hearing issues”, “heart issues”, “joint pain or
swelling of joints”, “night sweats”, “unrestful sleep”,
and “difficulty sleeping”. The clinically significant ten
symptoms, ranked by effect sizes, were: “loss or change
in sense of smell”, “loss or change in sense of taste”,
“hearing loss”, “shortness of breath or trouble breath-
ing”, “postural tachycardia”, “tightness in the chest”,
“chest pressure/heaviness”, “problems thinking (e.g.,
brain fog)", “problems communicating (e.g., difficulty
speaking)", and “mild fatigue”. Notably, eight symptoms
showed inverse and significant associations with
COVID-19 (OR < 0.95): “nasal congestion”, “sore or
painful throat”, “persistent cough”, “phlegm production
or chesty cough”, “nausea and/or vomiting”, “decrease
in appetite”, “fever (feeling too hot)", and “chills (feeling
too cold)".

Based on the ten specific symptoms associated with
COVID-19, we further ascertained four PCC subtypes:
ENT subtype (characterized by alteration in sense of
smell and taste and hearing loss), cardiopulmonary
subtype (characterized by shortness of breath, postural
tachycardia, and chest tightness/pressure), neurological
subtype (characterized by brain fog and difficulty
speaking), and mild fatigue subtype (characterized by
mild fatigue). Overall, 60.1% of participants in the
infection group and 57.4% uninfected controls had at least
one of the ten specific symptoms. The prevalence of
PCC subtypes in the infection group was (in order):
38.0% for mild fatigue, 30.1% for ENT, 23.5% for
neurological, and 10.4% for cardiopulmonary subtype.
These subtypes were also common in the uninfected
control group: 36.3% for mild fatigue, 28.0% for ENT,
21.4% for neurological, and 9.52% for cardiopulmonary
subtype.

Pathogen-related factors
The effects of pathogen-related factors with PCC were
generally consistent across PCC subtypes (Fig. 2). The
association between COVID-19 and PCC showed great
variation across the SARS-CoV-2 variants. The risk for
PCC and its subtypes consistently decreased from the
initial Wildtype (OR for any PCC 1.32 [95% CI
1.26–1.38]) through Alpha and Delta to the most recent
Omicron variant (1.07 [1.06 to 1.09]). The only exception
was for the ENT subtype, where the Delta variant
showed the highest risk (Delta 1.36 [1.32–1.41] vs
5
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Characteristics Before weighting After weighting

Control Infection SMD Control Infection SMD

Number 128,908 43,395 172,203 171,390

Age (years, SD) 69.48 (7.49) 67.27 (7.65) 0.291 68.93 (7.60) 68.87 (7.55) 0.009

Sex (Male, %) 54,872 (42.6) 18,644 (43.0) 0.008 73400.0 (42.6) 73980.8 (43.2) 0.011

Ethnicity (White, %) 118,629 (92.0) 40,020 (92.2) 0.007 158477.0 (92.0) 157950.2 (92.2) 0.005

Socioeconomic deprivation (n, %)a 0.041 0.019

Q1 (least deprived) 32,711 (25.4) 10,365 (23.9) 43377.2 (25.2) 42015.2 (24.5)

Q2 32,340 (25.1) 10,736 (24.7) 43004.1 (25.0) 43037.1 (25.1)

Q3 32,008 (24.8) 11,068 (25.5) 42781.0 (24.8) 43644.7 (25.5)

Q4 (most deprived) 31,849 (24.7) 11,226 (25.9) 43041.6 (25.0) 42693.9 (24.9)

Education (n, %)a 0.076 0.025

Secondary qualification 48,673 (37.8) 17,093 (39.4) 65562.8 (38.1) 65526.5 (38.2)

Post-secondary qualification 69,009 (53.5) 23,380 (53.9) 92256.9 (53.6) 92725.1 (54.1)

Others 11,226 (8.7) 2922 (6.7) 14384.3 (8.4) 13139.3 (7.7)

Lifestyle (n, %)a 0.003 0.001

Unhealthy 14,975 (11.6) 5067 (11.7) 20137.7 (11.7) 19532.3 (11.4)

Moderate 53,607 (41.6) 17,990 (41.5) 71538.2 (41.5) 71234.5 (41.6)

Healthy 60,326 (46.8) 20,338 (46.9) 80528.0 (46.8) 80624.1 (47.0)

Common chronic diseases (n, %)

Hypertension 42,462 (32.9) 13,223 (30.5) 0.053 55697.3 (32.3) 55102.9 (32.2) 0.004

Cancer 39,921 (31.0) 13,096 (30.2) 0.017 52777.8 (30.6) 53167.6 (31.0) 0.008

Hyperlipidaemia 26,735 (20.7) 8425 (19.4) 0.033 35056.7 (20.4) 35210.9 (20.5) 0.005

Asthma 17,274 (13.4) 6680 (15.4) 0.057 23849.9 (13.8) 24093.4 (14.1) 0.006

Depression 13,234 (10.3) 4706 (10.8) 0.019 18020.3 (10.5) 17600.4 (10.3) 0.006

Anxiety 8197 (6.4) 3008 (6.9) 0.023 11141.5 (6.5) 11176.1 (6.5) 0.002

T2DM 6582 (5.1) 2063 (4.8) 0.016 8701.3 (5.1) 8317.4 (4.9) 0.009

Autoimmune disease 6034 (4.7) 2279 (5.3) 0.026 8242.7 (4.8) 8586.8 (5.0) 0.010

Chronic kidney disease 4444 (3.4) 1337 (3.1) 0.021 5788.9 (3.4) 5687.6 (3.3) 0.002

Coronary heart disease 3701 (2.9) 1143 (2.6) 0.014 4861.5 (2.8) 4703.4 (2.7) 0.005

COPD 3425 (2.7) 1084 (2.5) 0.010 4542.9 (2.6) 4404.6 (2.6) 0.004

SMD, standardized mean difference. aSMD was computed by treating the ordinal variable as if it were continuous.

Table 1: Baseline characteristics of COVID-19 infection vs uninfected control group before and after propensity score weighting.
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Wildtype 1.27 [1.21–1.33]). Participants with multiple
infections (1.41 [1.33–1.50]) had a higher risk of any
PCC compared to those with a single infection (1.10
[1.09–1.12]). Similarly, those hospitalized due to
COVID-19 within 30 days post-infection (OR 2.01 [95%
1.09–2.12]) showed a consistently increased risk of PCC
compared to non-hospitalized participants (1.09
[1.07–1.11]). These associations were consistently
observed across PCC subtypes. Full vaccination and
booster were associated with significantly lower risk of
PCC compared to no or partial vaccination (no/partial
1.25 [1.20–1.29] vs booster 1.08 [1.06–1.10]). Risk of ENT
subtype was higher in participants with full vaccination,
coinciding with the dominance of the Delta variant
during the period of increasing vaccine uptake (data not
shown). Notably, wildtype infections, multiple in-
fections, and hospitalization due to COVID-19 were
more strongly associated with the cardiopulmonary PCC
subtype, suggesting that the number and severity of
acute SARS-CoV-2 infections may be more directly and
biologically related to post-acute cardiopulmonary
symptoms than multiple extrapulmonary sequelae.

Host-related factors
A range of sociodemographic and clinical factors were
significantly associated with the risk of PCC, with
similar effects observed across PCC subtypes for most
factors except for age and sex (Fig. 3).

Compared with those aged 45–55 years, participants
aged 55–65 (OR 0.79 [0.71–0.88]) and 65–75 (0.79
[0.70–0.88]) years were at a lower risk of any PCC, while
those over 75 years were at increased risk (1.23
[1.09–1.39]). However, the age patterns varied across
PCC subtypes. The risk of ENT subtype increased with a
gradient of increasing age, whereas participants with
neurological and mild fatigue subtypes were more likely
to be younger. Females were at increased risk for PCC
overall (OR 1.29 [1.24–1.35]), and for cardiopulmonary,
neurological, and mild fatigue subtypes, but at lower
risk of ENT subtype (0.88 [0.84–0.93]). Overall, PCC risk
www.thelancet.com Vol 111 January, 2025
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Fig. 1: Associations of COVID-19 with the presence of 45 symptoms potentially related to PCC during the post-acute phase of infection.
*Unweighted proportion (%) of outcomes in the infected and uninfected group. Number indicates the sample size for each specific symptom.
Odds ratios (ORs) were calculated using PS-weighted logistic regression. Symptoms significantly associated with COVID-19 were identified, with
red indicating both statistical significance (P < 0.05 after Bonferroni correction) and clinical significance (absolute risk increase > 5%), and blue
indicating statistical significance but no clinical significance.

Articles

www.thelancet.com Vol 111 January, 2025 7

http://www.thelancet.com


Fig. 2: Associations of SARS-CoV-2 pathogen-related factors and vaccination status with PCC and its subtypes. Mean duration between
time of infection and time of survey (months): Omicron (4.7), Delta (9.8), Pre-Delta (16.1), and Wildtype (21.3). Hospitalization indicates
whether people was admitted to hospital during the acute infection stage (0–30 days). The reference group for all analyses was participants with
no evidence of infection.
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increased with socioeconomic deprivation, with an OR
of 1.20 [1.14–1.28] for those living in the most deprived
areas. No difference in risk of PCC were seen across
ethnic groups, except for the ENT subtype.

The risk for PCC overall and across subtypes
increased monotonically with BMI, with OR ranging
from 1.50 (95% CI 1.32–1.71) for ENT to 2.29
(1.94–2.70) for cardiopulmonary subtypes in those with
BMI ≥ 35 compared to BMI < 25. Adherence to a
healthy lifestyle was consistently associated with lower
risk of PCC overall (OR 0.63 [0.58–0.67]) and subtypes.
Vaccination was associated with a significant reduction
in the risk of PCC, overall and by subtype.

All studied comorbidities showed a positive associa-
tion with PCC (overall and subtypes), except for chronic
kidney disease in relation to neurological PCC (OR 0.99
Fig. 3: Associations of host-related factors with PCC and its subtype
unfavorable, for BMI is <25, for deprivation index is Q1, and for the comm
participants with COVID-19.
[0.83–1.17]). COPD and depression appeared to be the
most significant comorbidities related to the risk of PCC
(OR 2.05 [1.72–2.44] and 1.89 [1.75–2.04], respectively),
with COPD having the strongest effect on cardiopul-
monary subtype (5.04 [4.12–6.16]) and depression on
neurological subtype (2.24 [2.08–2.40]). The prevalence
of comorbidities by PCC status is provided in
Supplementary Fig. S4.

Impact on physical and mental health and
functioning
Individuals with PCC experienced a marked impact on
all measured physical health/function metrics, although
the magnitude of associations varied considerably across
PCC subtypes and outcomes (Fig. 4). The ENT subtype
was generally associated with the smallest impact on
s. The reference group for age is the 50–55 years, for lifestyle is the
odities are those not presented. The analyses were conducted among
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Fig. 4: Associations of PCC and its subtypes with physical and mental function impairments.

Articles
physical function (highest OR: 6.42 [5.97–6.90] for “do-
ing day to day work”), followed by mild fatigue subtype
(highest OR 9.35 [8.48–10.31] for “doing day to day
www.thelancet.com Vol 111 January, 2025
work”), and cardiopulmonary subtype (highest OR 14.71
[13.64–15.87] for “doing day to day work”). Notably, the
neurological subtype had the strongest adverse impact
9
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(highest OR: 16.58 [15.11–18.19] for “concentrating on
doing something for 10 min” among 13 difficulties).

Across these physical outcomes, the “being
emotionally affected by health problems”, “taking care
of household responsibilities”, “doing day to day work”,
and “concentrating on doing something for 10 min”
were the four physical functions most adversely affected
by PCC and its subtypes.

People with PCC also experienced a great impact on
mental health and functioning (Fig. 4). Although the
associations with mental health appeared to be less
pronounced than with physical functions, the patterns
of association remained similar across PCC subtypes.
For instance, the ENT subtype generally showed the
lowest OR across mental functioning outcomes, with
the neurological subtype had the strongest impacts.

Generally, a higher number of coexisting PCC sub-
types led to worse impacts on physical and mental
health. Adjusted ORs for physical outcomes ranged
from 1.83 [1.70–1.96] to 3.04 [2.82–3.27] in those with
two concurrent PCC subtypes, and from 10.78
[9.77–11.90] to 40.58 [36.80–44.76] in those with four
concomitant subtypes. Similarly, OR of mental out-
comes ranged from 1.96 [1.88–2.05] to 2.70 [2.53–2.88]
in those coexisting with two subtypes, and from 10.59
[9.77–11.48] to 23.73 [21.69–25.95] in those with four
subtypes.

Sensitivity analyses using definitions based on 90-
day windows identified broadly similar symptom-
atology patterns (Supplementary Fig. S5). Prevalence of
45 PCC-related symptoms in participants with and
without COVID-19 by definition are provided in
Supplementary Fig. S6.
Discussion
In this comprehensive study integrating both longitu-
dinal electronic medical records and patient-centred
data among a large community-based cohort, we dis-
cerned the ten most indicative symptoms for the diag-
nosis of PCC. Based on the identified symptomatology,
we classified PCC into four major subtypes, dominated
by ENT, respiratory and cardiac symptoms, cognitive
impairments, and mild fatigue. In addition, we provided
an in-depth evaluation of the determinants of each PCC
subtype, including both virus- and host-related aspects:
infection by pre-omicron variants, repeat infection, se-
vere acute COVID-19, overweight and obesity, un-
healthy lifestyle, and multiple comorbidities
significantly increased PCC risk across all subtypes.
Conversely, vaccination against COVID-19 (primary and
booster) significantly reduced the risk of all PCC
subtypes.

Pre-existing comorbidities were more closely associ-
ated with PCC symptoms affecting the same organs/
systems. For example, COPD and depression led to
higher risks of cardiopulmonary and neurological
subtypes, respectively. Lastly, our results reveal that the
cardiopulmonary and neurological subtype had the
strongest adverse impacts on both physical and mental
health. These results highlight the heterogeneity in the
presentation of PCC, demographic and clinical risk
factors, and related functional impact of PCC, and the
importance of characterizing the underlying mecha-
nisms. These novel findings have great potential to
advance the current understanding, diagnosis, and
management of the long-term adverse effects of
COVID-19 during the post-pandemic era.

Main findings in context
Symptomatology of PCC
Despite notable difference in target populations and
methodologies used (data source, study design, follow-
up length, and analytical approach), the symptom-
atology patterns across four major PCC subtypes
identified in the current study are highly aligned with
prior key studies. For example, a cohort study in the
Netherlands utilised repetitive cross-sectional design. It
proposed 10 core PCC somatic symptoms,23 including
respiratory-cardiac symptoms, olfactory-auditory symp-
toms, and general fatigue. Another similar longitudinal
study in Switzerland identified 6 symptoms that were at
the most excess risk 6 months after infection (“altered
taste or smell”, “dyspnoea”, “post-exertional malaise”,
“reduced concentration”, “memory”, and “fatigue").2

Also, a population-based study of German participants
found four symptom clusters, including fatigue, neu-
rocognitive impairment, chest symptoms, and smell or
taste disorders.24 Similarly, a UK-based study found the
top 7 symptoms at 12 weeks following infection were
loss or change of sense of smell or taste, shortness of
breath, fatigue, difficulty thinking or concentrating,
chest tightness or pain, and poor memory.25 Together,
these consistent findings suggest the potential utility of
the identified MSS for the accurate assessment of pa-
tients with PCC in routine clinical practice, and for the
effective recruitment of trial participants, warranting
further validation across diverse populations and
settings.

Differences, however, were also noted. Many studies
have associated gastrointestinal symptoms, such as
dyspepsia and constipation, and musculoskeletal
symptoms, such as joint, muscle or back pains, with
COVID-19 following the acute infection.14,26,27 Most of
these studies were conducted based on routinely
collected data from electronic health records (EHRs).
There is a growing awareness that capturing the symp-
tomatology through real-world clinical data could be
challenging.9 Also, due to the nonspecific nature of
symptoms, most are often not well-represented by
diagnostic coding schemes such as ICD-10. Our study
analysed comprehensive self-reported data and found
neither one of the gastrointestinal or musculoskeletal
symptoms to be significantly associated with PCC,
www.thelancet.com Vol 111 January, 2025
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although they tended to be very common after COVID-
19 and in those without infection. Feeling hot/cold, an
acute COVID-19 symptom, was also suggested as a core
PCC symptom,23 but it was inversely associated with
PCC in our study. Interestingly, the inverse association
was consistently observed for other typical acute symp-
toms, such as sore throat, cough, nausea, and appetite
decrease. This phenomenon might be explained by in-
dividual’s perception change over time since the infec-
tion: infected people could be overly attentive to typical
acute symptoms during the early phase of infection,
which may in turn result in a significant reduction of
reporting the same symptoms once physically recovered
or psychologically relieved.28 More investigations are
needed to clarify this potential self-reporting bias in
research focusing on PCC symptoms. Another possible
explanation to this could be the misidentification of
acute infection cases likely due to Omicron variants in
the control group, given that, since 1 April 2022, routine
COVID-19 testing was no longer recommended in
many UK settings, and free mass testing for the general
public was largely phased out.29

Host- and virus-related determinants
Our study also provides novel insights into the
determinants for PCC development. Across PCC
subtypes, the effect pattern of virus-related factors
appears consistent, yet often varies by host-related
factors. The effects of most risk factors across sub-
types, such as deprivation, unhealthy lifestyle, obesity,
and comorbidities, are consistent with previous find-
ings that mainly do not distinguish PCC subtypes,
suggesting the health inequalities in PCC and the
potential benefits of adherence to a healthy lifestyle in
its prevention. However, heterogenous effects were
observed for age and sex. A meta-analysis of 41
studies suggested that older age and female sex are
independent risk factors for PCC.30 Our findings
generally support these associations but revealed that
their effects may differ depending on the specific PCC
subtype, with younger age related to higher risk of
neurological and fatigue subtypes. This variation may
partially explain the prior inconsistent evidence in
this regard, where data from the UK Office for Na-
tional Statistics showed that the middle-aged adults
have the highest prevalence of PCC,31 suggesting that
aging might have a two-way effect. Similarly, while
females had a higher PCC risk than males, this may
not be uniformly applicable to all PCC subtypes, as
ENT subtype appears more prevalent in men. Addi-
tionally, our findings into specific comorbidities and
risk for different PCC subtypes has implications for
the management of PCC. Organ-specific comorbid-
ities such as COPD and depression were more closely
related to corresponding cardiopulmonary and
neurological subtypes, highlighting that baseline
organ-level deficits can affect PCC subtype/s risk.
www.thelancet.com Vol 111 January, 2025
Virus-related factors have relatively consistent effects
on PCC and across subtypes. The risk of PCC following
infections of different SARS-CoV-2 variant is not yet
conclusive, with comparable or lower PCC risk
following Omicron infection compared with Delta and
other variants.32,33 Our study robustly suggested that
individuals who first infected during the Omicron-
dominated period are at the lowest PCC risk across
subtypes, despite the shortest time window since the
infection. Nevertheless, the PCC risk remains in in-
dividuals following Omicron infection as compared to
those uninfected, it is thus foreseeable that the absolute
number of new PCC cases would likely to keep accu-
mulating as infections continue. Moreover, our study
confirmed further that reinfection and disease severity
as important risk factors for PCC30,34 and subtypes,
especially the cardiopulmonary sequelae. Importantly,
people infected after receiving the primary two-dose
vaccination were at a significantly lower risk than
those who were unvaccinated or only partially vacci-
nated. However, their risk remained relatively higher
than those who had received booster doses. Together,
this finding provides further evidence that vaccination
may offer protection beyond the acute illness to post-
acute complications.35 Given that the SARS-CoV-2 vari-
ants and vaccination status are two highly correlated
conditions, it is hardly to disentangle their individual
effects in our study but warrants further research.

Physical and mental function impairments
Evidence on the functional impact of PCC was primarily
based on survey studies, with high prevalence of func-
tional limitations reported among individuals who
self-reported living with PCC.4 For example, 78.5% of
participants from the US Household Pulse Survey,
58.6% from the UK ONS, and 21.3% from the Canadian
national survey experienced daily activity limitations.4

However, the lack of a matched control group limited
our ability to infer the direct impact of PCC, given that
most of these outcomes were also common following
COVID-19 and in the general population during the
pandemic. Other studies with control groups consisted
of participants mainly from post-COVID-19 support
groups or used self-diagnosed PCC, undermining the
generalizability and validity of findings due to selection
and self-reporting biases. After accounting for a
comprehensive list of underlying comorbidities, behav-
ioural and sociodemographic factors, we found that
PCC and its subtypes were associated with a range of
physical and mental health impairments. Overall, the
most commonly affected functions were the ability to
concentrate, participate in day-to-day work, and take care
of household; participants with PCC were also more
emotionally vulnerable to health problems and had
worse general mental health. Our data suggested that
neurological PCC had the most significant adverse
impact on physical and mental functions. Although the
11
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increased risk of a range of multiorgan symptoms was
reported during the 6–12 months following SARS-CoV-
2 infection,1 only the increased risk of cognitive deficit
(brain fog) and dementia persisted up to two years.36

These findings suggest that service provision and
mitigation strategies on the neurological sequelae of
COVID-19 should be prioritised and sustained.
Severity and subtypes of PCC should be considered
when providing targeted care and disability support
services.

PCC subtypes with varying symptomatology, risk factors, and
function impairments
The four major PCC phenotypes identified based on
patient-centred data, including the ENT, cardiopulmo-
nary, neurological and general fatigue subtypes, as well
as their impairments on physical and mental function,
corroborate the current empirically-based consensus for
the core outcome set (COS) of PCC.7 In the Delphi
consensus study by both investigators and patients with
lived experience of PCC, the COS included “func-
tioning, symptoms, and conditions” for the cardiovas-
cular, respiratory, nervous system, cognitive, mental
health outcomes, and fatigue and pain in the physio-
logical or clinical outcomes domain, and two physical
outcomes in the life impact outcomes including work or
occupational and study changes and other changes in
physical function.7 Our study showed consistent symp-
tomatology patterns and function impairments across
multiple domains, with the exception of pain. It is likely
that the preferred outcomes by patients with lived
experience might differ from outcomes considered
important by investigators or clinicians,7 especially
considering that non-specific pain is one of the most
common symptoms of PCC.5 We confirmed an
increased risk of joint pain following post-acute infec-
tion, though with low clinical relevance. Further, the
phenotypes identified in our study using patient-
reported symptom data largely align with symptom
clusters in two nationally representative studies.13,14 A
study of non-hospitalized adults in England14 identified
three clusters from 50 consolidated symptoms using
primary care medical records: class 1 dominated by a
range of non-specific symptoms including pain, fatigue
and rash (80.0%), class 2 dominated by respiratory
symptoms such as cough and shortness of breath
(5.8%), and class 3 dominated by neurological and
mental health outcomes such as depression, anxiety,
insomnia, and brain fog (14.2%). An US study using
RECOVER cohort13 also found that four clusters
featured by olfactory dysfunction, cardiopulmonary
sequelae, neurocognitive impairment, and fatigue.
Similarly, these findings do not support the musculo-
skeletal and digestive symptom clusters previously pri-
oritised in most EHR-based studies,11,12 although similar
cardiopulmonary and neurological subtypes were also
identified in these studies.
The effects of socioeconomic and clinical risk factors
were largely consistent across the symptom clusters,
however, varying effects of demographics such as age,
sex, and ethnicity were observed in the current and
previous studies.10,11,14 Distinct gene expression patterns
during acute infection and inflammation signatures
were linked to different symptom clusters, highlighting
the heterogeneous etiologies of PCC subtypes.37,38 In
light of our findings and previous evidence, heteroge-
nous phenotypes of PCC with varying distinct patterns
of symptoms, risk factors, and related burden of func-
tion impairments need to be considered in the defini-
tions, diagnosis, and management of PCC; there is also
the need to better understand underlying mechanisms
linked to various phenotypic subtypes and develop tar-
geted therapies for different subtypes using precision
medicine to improve outcomes for people living with
PCC.

Strengths and limitations
The major strengths of this study are the size and pro-
spective nature of our community-based cohort, and the
richness of information available on longitudinal health,
comorbidities, and on self-reported symptoms. The
bespoke study design not only allowed for a prospective
comparison between COVID-19 patients and concomi-
tant uninfected controls enrolled from the same source
population, but also a thorough adjustment for multiple
covariates. This thus enabled us to minimise con-
founding, an issue frequently seen in prior EHR-based
studies on this topic. Moreover, all the assessed PCC
symptoms were pre-determined based on a consensus
from an expert panel, and the resulted questionnaire has
been validated. Lastly, the integration of multi-source
clinical data with patient-reported outcomes enables
the research of different risk factors and consequences
of PCC within a large-scale cohort. These methodolog-
ical features collectively strengthen the validity of our
study findings.

Our study findings should be interpreted with
caution in the context of some limitations. First, UK
Biobank participants are likely to be older and healthier
than the UK general population, and are mostly White
European, which may limit the generalizability of study
findings. Despite the relative risk between comparison
groups was largely not influenced,39 the absolute esti-
mate of symptomatology prevalence should be inter-
preted with caution. Second, despite robust statistical
approach and a range of covariates were used to account
for potential differences in characteristics between
groups, residual confounding, measurement error, se-
lection bias, recall bias, and reverse causality cannot be
totally ruled out in this observational study. Third, a
proportion of participants in the uninfected control
group may have undiagnosed or untested COVID-19.
However, this tends to underestimate the effect size
and leads to more conservative results of symptom
www.thelancet.com Vol 111 January, 2025
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selection. Fourth, the molecular mechanisms driving
the distinct PCC subtypes should be further explored in
future studies with bespoke design. Fifth, debate per-
sists in the literature regarding the optimal use of PS,
such as residual confounding or over-reliance on co-
variate selection criteria, which should be taken into
consideration when interpreting the associations
observed as causal. Finally, the selection of symptoms
most specific to long COVID from a prior consensus
symptom list was driven by both statistical significance
and clinical relevance. However, it is likely that several
unselected symptoms such as general pain may also be
more commonly reported in patients with PCC if the
baseline risk factors such as comorbidities influence the
likelihood of healthcare use and symptom reporting.
Further guidelines are needed to integrate evidence
from patients, investigators, and clinicians for better
management of PCC phenotypes and their impacts.

Conclusions
We identified four PCC subtypes with distinct symp-
tomatology, functional impact, and some differential
risk factors. PCC affected mental and physical health
and functions significantly. Our findings will guide
future assessment, management, and research on PCC
as we aim to better understand distinct mechanisms
linked to PCC; and ultimately to develop targeted ther-
apies to improve the patient outcomes.
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