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Abstract 

Background  Long-COVID has mostly been investigated in clinical settings. We aimed to assess the risk, subtypes, 
persistence, and determinants of long-COVID in a prospective population-based study of adults with a history 
of SARS-CoV-2 infection in Catalonia.

Methods  We examined 2764 infected individuals from a population-based cohort (COVICAT) established 
before the pandemic and followed up three times across the pandemic (2020, 2021, 2023). We assessed immuno-
globulin (Ig)G levels against SARS-CoV-2, clinical, vaccination, sociodemographic, and lifestyle factors. Long-COVID 
risk and subtypes were defined based on participant-reported symptoms and electronic health records. We identified 
a total of 647 long-COVID cases and compared them with 2117 infected individuals without the condition.

Results  Between 2021 and 2023, 23% of infected subjects developed long-COVID symptoms. In 56% of long-COVID 
cases in 2021, symptoms persisted for 2 years. Long-COVID presented clinically in three subtypes, mild neuromus-
cular, mild respiratory, and severe multi-organ. The latter was associated with persistent long-COVID. Risk was higher 
among females, participants under 50 years, of low socioeconomic status, severe COVID-19 infection, elevated 
pre-vaccination IgG levels, obesity, and prior chronic disease, particularly asthma/chronic obstructive pulmonary 
disease and mental health conditions. A lower risk was associated to pre-infection vaccination, infection after omicron 
became the dominant variant, higher physical activity levels, and sleeping 6–8 h. Vaccination during the 3 months 
post-infection was also protective against long-COVID.

Conclusions  Long-COVID persisted for up to 2 years in half of the cases, and risk was influenced by multiple factors.
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Background
Long-term sequelae following acute infectious illnesses 
are well documented [1]. Severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has been linked to 
a chronic disease state following the acute infection [2]. 
This condition, known as long-COVID, encompasses 
symptoms as diverse as fatigue, shortness of breath, cog-
nitive dysfunction, digestive symptoms, depression, and 
sleep disturbances, among others. In 2021, the World 
Health Organization (WHO) defined long-COVID as 
symptoms persisting for at least two months, not attrib-
utable to an alternative diagnosis, 3  months post diag-
nosis [3]. Recently, the National Academies of Sciences, 
Engineering, and Medicine (NASEM) recognized long-
COVID as an infection-associated chronic condition pre-
sent for at least 3 months as a continuous, relapsing and 
remitting, or progressive disease state that affects one or 
more organ systems [4].

Estimates of long-COVID frequency vary due to the 
heterogeneous definitions and the predominance of 
clinical-based rather than population-based studies [1]. 
Among clinical-based samples, a pooled analysis of 54 
studies (1.2 million individuals) estimated that 6.2% expe-
rience long-COVID symptoms [2]. The US RECOVER 
study, covering population-based and convenience sam-
pling, estimated a 10.0% risk of long-COVID 6  months 
post-infection [3]. A population-based Dutch study 
found 12.7% of COVID-19 patients had persistent 
somatic symptoms [5] and in 10 UK longitudinal studies 
the prevalence of ongoing symptoms for + 12 weeks was 
7.8–17% [6]. The risk of long-COVID might change due 
to the circulation of different variants [7] and repeated 
infections [8, 9].

The mechanisms leading to long-COVID are multi-
ple and still unclear [10–12]. Identifying subtypes and 
disease courses over time may help disentangle these 
mechanisms.

Research has consistently found that middle age, 
female sex, presence of chronic conditions, severity of 
initial COVID-19 infection and hospitalization, number 
of SARS-CoV-2 infections, and lack of vaccination relate 
to higher risk of long-COVID [13, 14], but scarce data 
exist on the role of these factors on long-COVID pro-
gression. Moreover, data is lacking about the potential 
role of other clinical, environmental, and lifestyle factors. 
Evidence comes mostly from clinical rather than popu-
lation-based studies without sufficient follow-up time to 
allow identifying factors related to the long-term course 
of the disease.

We examined a population-based cohort with mul-
tiple clinical, sociodemographic, and lifestyle charac-
teristics and SARS-CoV-2 multiplex serology available 
in three consecutive follow-ups (2020, 2021, and 2023), 

along with electronic health records. We assessed the 
risk, course, subtypes, and risk factors of long-COVID, 
by comparing SARS-CoV-2 infected individuals experi-
encing long-COVID symptoms, with those without such 
condition.

Methods
Design and study population
This study is based on an adult COVID-19 popula-
tion-based cohort network in Catalonia (COVICAT) 
[15–18] and focuses on participants recruited from the 
GCAT|Genomes for life cohort (www.​genom​esfor​life.​
com) [19]. The GCAT cohort was established before the 
pandemic with a focus on investigating the etiology of 
chronic diseases. Participants from GCAT were invited 
to complete COVID-19-related surveys and provide 
samples in June–November 2020 (baseline, n = 8923), 
in June–August 2021 (first follow-up, n = 7015), and in 
February–May 2023 (second follow-up, n = 5215, par-
ticipation rate 74%). In this analysis, we included partici-
pants with SARS-CoV-2 infection at anytime during the 
study period who completed all three surveys (n = 2764) 
(Fig.  1). We invited all eligible GCAT participants to 
complete the COVID-19-related surveys. Invitation was 
sent through an email (initial and two reminders). Partic-
ipants without registered email addresses were contacted 
through the telephone. All participants contacted had 
consented in the past to be re-contacted. Data collection 
was primarily completed on a study website where par-
ticipants filled in the questionnaire. We administered the 
questionnaire via telephone when participants were not 
comfortable with online study participation. Participants 
of the baseline and first follow-up who did not participate 
in the second follow-up were slightly older, and had a 
lower proportion of individuals with university education 
and with excellent/good health condition than those with 
a second follow-up (Additional File 1: Table S1). Percent-
age of vaccinated was slightly higher among participants 
(92.6%) compared to non-participants (88.5%). Differ-
ences, however, were minor for COVID-19 severity (6.0% 
non-participants vs 6.4% participants) or in long-COVID 
subtypes (27.0% vs 27.8% for severe multi-organ type, see 
below for definitions).

Ethical approval was obtained by the ethics commit-
tees at the Hospital Universitari Germans Trias i Pujol 
(CEI no. PI-20–182) and the Parc de Salut Mar (CEIM-
PS MAR, no. 2020/9307/I). All participants provided 
informed consent and agreed to potential re-contact.

http://www.genomesforlife.com
http://www.genomesforlife.com


Page 3 of 13Kogevinas et al. BMC Medicine  (2025) 23:140	

Study procedures
In all study visits, participants answered validated 
questionnaires aligned with European harmonization 
and standardization guidelines [20], available at the 
study website, (http://​www.​gcatb​iobank.​org/​media/​
upload/​arxius/​COVIC​AT/​encue​sta%​20COV​ICAT.​pdf ), 
and provided blood samples. Participants’ data was also 
linked to electronic health records of the Catalan uni-
versal coverage health system.

Blood samples and serology
Blood samples were collected in EDTA and PST tubes 
at the Banc de Sang i Teixits (Catalonia), stored at 
4 °C, and processed in the GCAT lab (IGTP, Badalona) 
within 24 h after collection. From the EDTA blood sam-
ple, the levels of immunoglobulin G (IgG), M (IgM), 
and A (IgA) were assessed by high-throughput multi-
plex quantitative suspension array technology against a 
panel of five SARS-CoV-2 antigens: the spike full-length 
protein (S) and the receptor binding domain (RBD), the 
sub-region S2, the nucleocapsid full length (NFL) and 
the specific C-terminal (NCt) region [21, 22]. The sero-
logical assays were performed at the Immune Response 
and Biomarkers Core Facility at ISGlobal. We used 
serology to define SARS-CoV-2 infection (see below 
for details). We also used pre-vaccine serological data 
(baseline, 2020) to identify early biomarkers of humoral 
immunity induced by natural infection that contribute 

to the later development of long-COVID (subsample of 
1672 participants).

SARS‑CoV‑2 infection, COVID‑19 severity, and long‑COVID 
definitions
We defined SARS-CoV-2 infection as (i) self-reported: 
positive viral detection test (polymerase chain reac-
tion or antigen test), COVID-19 disease, hospitalization 
or intensive care unit (ICU) admission due to COVID-
19; (ii) identification of a positive test through record 
linkage with the repository of SARS-CoV-2 tests of the 
Emergency EHRs; (iii) identification of a diagnosis, hos-
pitalization or ICU admission due to COVID-19 dis-
ease (ICD-10 codes U071, U072, U10, or J1282) through 
record linkage with EHRs; or (iv) SARS-CoV-2 seroposi-
tivity for the subsample with serological testing from any 
time (2020–2023). Seropositivity was based on our anti-
body data using the following criteria: seropositivity to 
any SARS-CoV-2 antigen in a pre-vaccination serology 
sample, or seropositivity to Nucleocapsid-antigen in a 
sample of vaccinated individuals, since the available vac-
cines did not contain or produce Nucleocapsid-antigen. 
In our study population (n = 2764), 1492 (54%) fulfilled 
more than one criterion, 1171 (42.4%) were only detected 
through questionnaires, 79 (2.8%) were only detected by 
serology, and 22 (0.8%) were only detected by EHR. The 
date of SARS-CoV-2 infection accompanied the afore-
mentioned diagnoses. There were 79 infected asympto-
matic people identified only through serology for which 

Fig. 1  Flowchart of the study population (COVICAT study), 2020 to 2023. See text for the definition of persistent long-COVID

http://www.gcatbiobank.org/media/upload/arxius/COVICAT/encuesta%20COVICAT.pdf
http://www.gcatbiobank.org/media/upload/arxius/COVICAT/encuesta%20COVICAT.pdf
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the date of infection was not possible to estimate but 
were allocated as being infected in specific time intervals 
using repeated serology in 2020, 2021, and 2023.

Using the date of first infection (earliest occurrence of 
infections as described above), we classified our popu-
lation as first infected with pre-omicron or omicron 
variants. Thirty-five of the 79 individuals identified as 
infected based on serology could not be definitively clas-
sified as having been infected before or during the Omi-
cron wave and were excluded from this analysis. We 
considered omicron infections all those occurring after 
November 29, 2021, as this corresponds to the date of the 
first omicron case in Catalonia according to the SARS-
CoV-2 submitted sequences to GISAID (https://​www.​
gisaid.​org; up to 20 April 2023). We classified the severity 
of SARS-CoV-2 infection according to WHO as asympto-
matic, mild/moderate, and severe/critical [23].

We defined long-COVID following the WHO and 
recent publications [24–27]: (i) the presence of SARS-
CoV-2 infection (defined above) and (ii) a self-report of 
at least one of the following symptoms or sequels for a 
duration of at least three months. This definition aligns 
with the 2024 NASEM definition of long-COVID [4] as 
it considers a larger duration of symptoms (three instead 
of two months), compared to that of WHO. The spe-
cific questions on long-COVID symptoms in our 2021 
and 2023 surveys (Additional File 1: Table S2) were har-
monized and included: fever or low-grade fever, loss of 
appetite, dry cough, dyspnoea/shortness of breath, per-
sistent chest pain/tightness, throat pain, other respiratory 
problems, tiredness/unusual fatigue, confusion/loss of 
speech/loss of movement, chills/vertigo/dizziness, loss of 
taste or smell, headache, other cognitive or neurological 
problems, conjunctivitis, other problems with dry eyes/
mouth, diarrhea, nausea/vomiting, skin rashes, other der-
matological problems, muscle/joint pain, other muscular 
problems, hematological problems, endocrine problems, 
psychological or psychiatric problems, cardiovascu-
lar problems, menstrual problems, renal problems. We 
also considered the identification of COVID-19 seque-
lae (ICD-10 B94.8) or long-COVID diagnosis (U09.9) 
from electronic health records during the study period. 
In 2023, we included a question on the presence of long-
COVID symptoms during the last week, among those 
reporting long-term symptomatology. Non-infected par-
ticipants were not screened for long-term symptoms.

We classified the long-COVID cases combining the 
reports of symptoms in the first (2021) and second (2023) 
follow-ups as: never long-COVID (n = 2117, no long-
COVID symptoms reported in 2021 or 2023); recovered 
long-COVID (n = 109, long-COVID symptoms in 2021 
without symptoms in 2023); incident long-COVID in 
2023 (n = 399, no long-COVID symptoms reported in 

2021 and symptoms only reported in 2023); persistent 
long-COVID (n = 139, long-COVID symptoms reported 
in 2021 and 2023). The 2023 interview covered a span 
of 2 years of follow-up. To ensure that symptoms in the 
persistent long-COVID group were present in 2023, we 
only included those reporting symptoms during the last 
week before the survey and classified those not having 
symptoms during the last week (n = 109) as recovered. 
We considered the presence of any symptom recognizing 
that long-COVID presents as a continuous, relapsing and 
remitting, or progressive disease state.

Vaccination
We retrieved information on vaccinations from elec-
tronic health records. Participants received the following 
vaccines: Comirnaty (BNT162b2, mRNA, BioNTech-
Pfizer, Mainz/New York City), Spikevax (mRNA-1273, 
Moderna, Cambridge), and Vaxzevria (ChAdOx1 nCoV-
19, Oxford–AstraZeneca), and in smaller numbers the 
Janssen COVID-19 vaccine (Ad26.COV2.S, Johnson & 
Johnson–Janssen).

Other participant characteristics
We obtained information on individual characteristics: 
(i) socio-demographics (sex, age, education); (ii) depri-
vation index, linking pre-pandemic residential addresses 
to the 2011 census tract-level deprivation index [28], (iii) 
lifestyle (tobacco smoking, alcohol intake, physical activ-
ity levels according to the International Physical Activity 
Questionnaire, and sleeping duration); (iv) self-appraisal 
of health status, and (v) self-reported presence of chronic 
diseases (asthma, chronic bronchitis/chronic obstruc-
tive pulmonary disease (COPD)/emphysema, other res-
piratory diseases, hypertension, heart disease, diabetes, 
digestive diseases, liver diseases, gynecological diseases, 
joint problems/rheumatism, rheumatoid arthritis, other 
autoimmune diseases, HIV/other immunodeficiency 
problems, cancer, depression, anxiety, other mental 
health problems/addictions, kidney disease).

Statistical analysis
To identify subtypes of long-COVID reported in 2021 
(first follow-up), we performed latent class analysis. We 
used all variables of symptoms at the same time, tested 
from one to seven latent classes, and selected the number 
of classes with the lowest Bayesian information criterion. 
Each participant was assigned to the latent cluster (here 
defined as long-COVID subtype) for which he/she had 
the highest membership probability.

To identify risk factors associated with long-COVID, 
we used Poisson regression models with robust vari-
ance, adjusting for age, sex, and education to compare 
SARS-CoV-2 infected individuals with and without 

https://www.gisaid.org
https://www.gisaid.org
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long-COVID. A multivariable stepwise model was con-
structed incorporating all identified predictors from 
prior analyses. We kept in the multivariable regression 
model the specific chronic diseases instead of the com-
bined variable “any chronic disease” to help interpreta-
tion in relation to people with specific chronic diseases. 
These potential predictors included a comprehensive list 
of characteristics during the follow-up period preceding 
the first diagnosis of SARS-CoV-2. For individuals iden-
tified with COVID-19 in the 2021 follow-up, we utilized 
information from the 2020 questionnaire. Similarly, for 
those diagnosed in 2023, data from the 2021 question-
naire were employed. Due to the high vaccination rates in 
our population, we focused on serological determinants 
related to natural infection measured in 2020 (pre-vac-
cination) [15]. In an alternative analysis, we applied the 
false discovery rate correction [29], to identify significant 
results while limiting the proportion of false positives 
among them, ensuring a more reliable interpretation of 
findings. Predictors with q-values < 0.05 were considered 
significant under a false discovery rate of 5%.

Analyses were performed using Stata (version 16.1; 
Stata Corp LP; College Station, TX, USA), and the R 

statistical program (version 4.3.0; R Foundation for Sta-
tistical Computing, Vienna, Austria). Statistical signifi-
cance was set at a p-value < 0.05.

Results
Prevalence and clinical presentation of long‑COVID
Among 2764 SARS-CoV-2 infected persons, 647 (23.4%) 
reported long-COVID symptoms (Fig.  1). The most 
common symptoms of long-COVID were neurologi-
cal symptoms (63%), muscular problems (39%), respira-
tory symptoms (28%) and psychological and psychiatric 
symptoms (21%) (Additional File 1: Table  S3). Neuro-
logical and muscular symptoms were more common in 
women while respiratory symptoms were more common 
in men. Long-COVID participants with the first infec-
tion during the omicron period presented with similar 
but fewer long-term symptoms than those with the first 
infection in the pre-omicron period (Additional File 1: 
Fig. S1).

We identified three subtypes of long-COVID in 2021 
from latent class analysis (Fig.  2). The first (n = 128, 
51.6%) had a high prevalence of neurological symp-
toms and moderate prevalence of respiratory, skin, 

Fig. 2  Grouping of long-COVID symptoms in 2021 (n = 248) by latent class analysis. Three subtypes are defined: mild neuro/muscular symptoms 
(n = 128), mild respiratory symptoms (n = 51), severe multi-organ symptoms (n = 69)
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musculoskeletal, and sensory symptoms, and was there-
fore labeled “mild neuromuscular.” The second (n = 51, 
20.6%) exhibited the highest prevalence of respiratory 
symptoms with a low-to-moderate prevalence of some 
additional symptoms and was labeled “mild respiratory.” 
The third (n = 69, 27.8%) showed a high prevalence of 
psychological, neurological, respiratory, skin, and mus-
culoskeletal symptoms and low-to-moderate preva-
lence of all remaining symptoms and was labeled “severe 
multi-organ.”

Among cases of long-COVID in 2021 (n = 248), 56.0% 
reported persistent symptoms in 2023 (persistent long-
COVID cases), while 44.0% indicated no recent symp-
toms in 2023 (recovered long-COVID). Among the 
long-COVID subtypes identified in 2021, the highest risk 
for persistent long-COVID was observed for the severe 
multi-organ subtype (RR = 1.61, 1.13–2.28) (Table 1).

Sociodemographic factors
Long-COVID risk was higher in women (RR = 1.47, 95% 
CI 1.26–1.71) than in men and in persons with primary 
or lower education (RR = 1.31, 95% CI 1.03–1.67) com-
pared to those with university education (Table  2). The 
risk was lower in persons above 65 years (RR = 0.77, 95% 
CI 0.61–0.98) compared to those younger than 50 years 
of age.

Lifestyle factors and obesity
Among lifestyle factors (Table  2), we observed a pro-
tective association between physical activity levels and 
long-COVID both for moderate to high (RR = 0.80, 
95% CI 0.67–0.96, high vs. low physical activity). There 
was a U-shaped relationship with sleep duration. Those 
with ≤ 5 (RR = 1.31 95% CI 1.06–1.62) or ≥ 9  h sleep 
(RR = 1.74, 95% CI 1.30–2.34) had higher risks than those 

with 7 h duration. Obesity (BMI ≥ 30 kg/m2) was associ-
ated with a higher risk of long-COVID (RR = 1.39, 95% CI 
1.20–1.62).

Prior medical history
Participants reporting regular/poor perceived health in 
2020 had an increased risk of long-COVID (RR = 2.26, 
95% CI 1.89–2.71) compared to those reporting very 
good/excellent health (Table  3). Presence of any prior 
chronic condition was associated with a higher risk of 
long-COVID (RR = 1.58, 95% CI 1.38–1.80). Among 
specific major chronic diseases, an increased risk was 
observed for nearly all diseases, with highest risks for 
prior anxiety/depression (RR = 1.95, 95% CI 1.58–2.42), 
digestive diseases (RR = 1.79, 95% CI 1.41–2.25), joint 
problems/rheumatisms (RR = 1.69, 95% CI 1.39–2.06), 
and for chronic respiratory diseases (asthma or COPD) 
(RR = 1.45, 95% CI 1.21–1.73).

COVID‑19 severity, variants, and vaccines
The severity of infection was strongly associated with 
the risk of long-COVID (Table  4). Participants with 
mild/moderate infection had three times higher risk 
(RR = 3.10, 95% CI 2.20–4.36), and those with severe/
critical infection more than nine times higher risk 
(RR = 9.88, 95% CI 6.88–14.18) of long-COVID, com-
pared with those asymptomatically infected.

First infection during the omicron period was associ-
ated with a lower risk of long-COVID compared to earlier 
variants (RR = 0.36, 95% CI 0.32–0.42). We additionally 
adjusted for vaccination prior to the first infection and 
estimates for omicron continue being clearly lower than 
those for pre-omicron although less extreme (RR = 0.56, 
95% CI 0.43–0.73). Although the regression models con-
verged, there was collinearity between the two variables, 
pre/omicron and vaccination, with a high variance infla-
tion factor (> 10). The determinants of long-COVID iden-
tified were generally consistent for the pre-omicron and 
omicron variants apart from the association of severity 
of infection that was weaker for omicron-related long-
COVID, whereas health status, any chronic disease, 
and asthma/COPD associations were more pronounced 
for omicron related long-COVID (Additional File 1: 
Table S4). Smoking emerged as a risk factor for omicron-
related long-COVID (Additional File 1: Table S4).

Strong protection for long-COVID was observed for 
vaccination prior to infection (RR = 0.33, 95% CI 0.29–
0.38) (Table  4). Repeated vaccination prior to infection 
was protective for long-COVID with the lowest risks 
observed for those with ≥ 4 doses. Vaccination within 
3 months post-infection was also protective against long-
COVID (RR = 0.58, 95% CI 0.39–0.86).

Table 1  Long-COVID subtypes in 2021 and their risk of 
persistence up to 2023 COVICAT cohort (n = 248)

RR relative risk, CI confidence intervals
a Defined by latent class analysis of symptoms and sequels reported in 2021 (see 
Fig. 2)
b Adjusted for age, sex, and educational level

Recovered 
up to 2023

Persistent 
up to 
2023

RR (95% CI)b

n = 109
n (%)

n = 139
n (%)

Long-COVID subtypes 
in 2021a

Mild neuromuscular 30 (27.5) 21 (15.1) ref

Mild respiratory 61 (56.0) 67 (48.2) 1.22 (0.85,1.74)

Severe multi-organ 18 (16.5) 51 (36.7) 1.61 (1.13,2.28)
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Antibody responses
Among SARS-CoV-2 infected participants who under-
went serological testing early in the pandemic (at baseline 
around June 2020) (n = 442), antibody responses were 
elevated in individuals who later developed long-COVID, 
in contrast to those who did not (Table 5 and Additional 
File 1: Fig. S2). This difference was evident across all five 
antigens examined, with a tendency for wider differences 
in all nucleocapsid antigens. Adjusting for COVID-19 

severity reduced slightly these associations but all asso-
ciations remained statistically significant.

Risk factors for persistent long‑COVID
Risk factors for persistent long-COVID compared to no 
long-COVID are shown in Tables 2, 3, and 4 and are in 
the same direction overall but more pronounced, both 
for risk and protective factors, than those observed for 
all long-COVID cases. For example, those with severe/

Table 2  Sociodemographic and lifestyle characteristics and their association (RR, (95% CI)) with long-COVID development and 
persistence in 2764 SARS-CoV-2-infected participants of the COVICAT cohort, 2020–2023

There are small differences in the total number of participants for some variables due to missing values

RR relative risk, CI confidence intervals
a Adjusted for age, sex, and educational level

Never long-COVID Ever long-COVID Persistent long-
COVID

Ever vs never Persistent vs never

n = 2117
n (%)

n = 647
n (%)

n = 139
n (%)

RRa (95% CI) RRa (95% CI)

Age, years

  < 50 309 (14.6) 110 (17.0) 24 (17.3) ref ref

  50–64 1411 (66.7) 438 (67.7) 97 (69.8) 0.90 (0.75,1.07) 0.81 (0.53,1.25)

  65 +  397 (18.8) 99 (15.3) 18 (12.9) 0.77 (0.61,0.98) 0.55 (0.30,1.01)

Sex

  Male 841 (39.7) 184 (28.4) 36 (25.9) ref ref

  Female 1276 (60.3) 463 (71.6) 103 (74.1) 1.47 (1.26,1.71) 1.80 (1.25,2.60)

Educational level

  University 1183 (55.9) 322 (49.8) 53 (38.1) ref ref

  Secondary 776 (36.7) 267 (41.3) 68 (48.9) 1.21 (1.05,1.40) 1.92 (1.35,2.72)

  Primary or less 158 (7.5) 58 (9.0) 18 (12.9) 1.31 (1.03,1.67) 2.63 (1.57,4.41)

  Deprivation index, mean (sd)  − 0.9 (0.7)  − 0.8 (0.7)  − 0.8 (0.7) 1.08 (0.98,1.19) 1.08 (0.86,1.36)

Smoking status

  Never smoker 916 (43.3) 256 (39.6) 65 (46.8) ref ref

  Ex-smoker 916 (43.3) 304 (47.0) 61 (43.9) 1.13 (0.97,1.31) 0.87 (0.62,1.23)

  Smoker 284 (13.4) 87 (13.4) 13 (9.4) 1.02 (0.82,1.26) 0.57 (0.32,1.03)

Alcohol intake

  No 454 (21.5) 166 (25.8) 47 (34.1) ref ref

  Yes, occasionally 1360 (64.3) 391 (60.7) 76 (55.1) 0.90 (0.77,1.05) 0.66 (0.46,0.94)

  Yes, every day 302 (14.3) 87 (13.5) 15 (10.9) 1.00 (0.79,1.27) 0.72 (0.40,1.30)

Physical activity

  Low 374 (17.9) 148 (23.1) 42 (31.3) ref ref

  Moderate 993 (47.4) 289 (45.2) 53 (39.6) 0.79 (0.67,0.94) 0.49 (0.33,0.72)

  High 728 (34.7) 203 (31.7) 39 (29.1) 0.80 (0.67,0.96) 0.53 (0.35,0.81)

Sleep hours

  ≤ 5 170 (8.0) 77 (11.9) 22 (15.8) 1.31 (1.06,1.62) 1.72 (1.08,2.73)

  6 600 (28.4) 178 (27.5) 34 (24.5) 1.00 (0.85,1.18) 0.91 (0.60,1.37)

  7 900 (42.5) 264 (40.8) 56 (40.3) ref ref

  8 401 (19.0) 97 (15.0) 18 (12.9) 0.84 (0.69,1.04) 0.70 (0.42,1.18)

  ≥ 9 45 (2.1) 31 (4.8) 9 (6.5) 1.74 (1.30,2.34) 2.62 (1.38,4.98)

BMI, mean (sd) 26.2 (4.3) 27.1 (4.9) 27.2 (4.8) 1.03 (1.02,1.04) 1.04 (1.01,1.07)

BMI ≥ 30 kg/m2 355 (16.8) 158 (24.4) 38 (27.3) 1.39 (1.20,1.62) 1.66 (1.17,2.37)
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critical COVID-19 had a RR of 109.67 (95% CI 26.82–
448.45) of reporting persistent long-COVID symptoms 
compared to those infected without long-COVID symp-
toms. A similar pattern was shown for the association of 
IgG levels in 2020 with persistent long-COVID (Table 5 
and Additional File 1: Fig. S2).

Overall long‑COVID predictors, multivariable model
A multivariable analysis including all factors that dem-
onstrated statistically significant associations with long-
COVID risks, while keeping age, sex, and educational 
level as fixed factors in the model (Table  6), identified 
BMI, asthma/COPD, anxiety/depression, digestive dis-
eases, joint problems, COVID-19 severity, and pre-
infection vaccination as the most robust predictors of 
long-COVID. Antibody responses were available only for 
a sub-sample and were not included in the multivariate 
model.

In an alternative analysis, we applied the false discovery 
rate correction (Additional File 1: Table S5). Results were 
very similar to those observed without multiple compari-
son corrections.

Discussion
In this population-based adult cohort, we observed (i) 
that 23% of infected individuals met our definition of 
long-COVID; (ii) three long-COVID subtypes; (iii) per-
sistent long-COVID symptoms after two years in about 
half of the cases; (iv) female sex, COVID-19 severity, 
increased antibody response following primary infec-
tion, and prior chronic conditions including obesity as 

risk factors; and (v) omicron infection, vaccination and to 
a lesser extent lifestyle, specifically physical activity and 
6–8 h sleep, as preventive factors.

A challenge in understanding long-COVID remains 
the lack of identification of the source population of indi-
viduals diagnosed, and a standardized definition, despite 
the core symptoms showing consistency across studies 
[4, 24–27]. Additionally, reported prevalence rates are 
contingent on the duration of follow-up in each study. 
The cases examined in our study were drawn from a well-
identified population-based cohort followed up at critical 
times during the pandemic (early 2020, 2021, and 2023). 
The long-term follow-up of our population allows robust 
estimates of the risk of long-COVID independent of the 
phase of the pandemic and description of the long-term 
course of the condition. While the participation rate 
declined over time, characteristics of individuals lost to 
follow-up were not markedly dissimilar to those remain-
ing in the study regarding COVID-19 severity, minimiz-
ing potential biases.

We had the timing of occurrence of SARS-CoV-2 infec-
tion, exact dates for clinical diagnosis, and for vaccina-
tion, but we did not have exact dates for the occurrence 
of long-COVID symptoms and could therefore, only 
evaluate cumulative incidence at the times of contact.

We tracked the population through late spring 2023, 
capturing long-COVID cases with approximately two 
years of follow-up. Half of the cases indicated that their 
symptoms endured, underscoring the critical impor-
tance of sustained clinical surveillance and treatment for 
long-COVID patients well beyond the initial infection. 

Table 3  Self-rated health status and prior chronic diseases and their association (RR, (95% CI)) with long-COVID development and 
persistence in 2764 SARS-CoV-2-infected participants, COVICAT cohort 2020–2023

RR relative risk, CI confidence intervals
a Adjusted for age, sex, and educational level

Never long-COVID Ever long-COVID Persistent long-
COVID

Ever vs. never Persistent vs. never

n = 2117
n (%)

n = 647
n (%)

n = 139
n (%)

RRa (95% CI) RRa (95% CI)

Self-appraisal of health status

  Excellent/great 854 (40.3) 177 (27.4) 30 (21.6) ref ref

  Fine 1040 (49.1) 313 (48.4) 64 (46.0) 1.33 (1.13,1.57) 1.63 (1.06,2.51)

  Regular/bad 223 (10.5) 157 (24.3) 45 (32.4) 2.26 (1.89,2.71) 4.18 (2.68,6.50)

Chronic disease 671 (31.7) 299 (46.2) 78 (56.1) 1.58 (1.38,1.80) 2.50 (1.81,3.45)

  Asthma or COPD 190 (9.0) 94 (14.5) 24 (17.3) 1.45 (1.21,1.73) 1.98 (1.32,2.98)

  Hypertension 234 (11.1) 99 (15.3) 30 (21.6) 1.42 (1.18,1.70) 2.27 (1.56,3.32)

  Heart disease 32 (1.5) 15 (2.3) 7 (5.0) 1.46 (0.96,2.24) 3.06 (1.52,6.17)

  Digestive diseases 62 (2.9) 44 (6.8) 17 (12.2) 1.79 (1.41,2.25) 3.52 (2.27,5.45)

  Joint problems/rheumatism 115 (5.4) 71 (11.0) 21 (15.1) 1.69 (1.39,2.06) 2.69 (1.75,4.11)

  Autoimmune disease 52 (2.5) 27 (4.2) 7 (5.0) 1.40 (1.02,1.93) 1.85 (0.90,3.78)

  Anxiety/depression 60 (2.8) 51 (7.9) 13 (9.4) 1.95 (1.58,2.42) 2.88 (1.71,4.86)
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Table 4  COVID-19 severity, variants, and vaccination and their association with long-COVID development and persistence in 2764 
SARS-CoV-2-infected participants of the COVICAT cohort, 2020–2023

RR relative risk, CI confidence intervals

There are small differences in the total number of participants for some variables due to missing values

Never long-COVID Ever long-COVID Persistent long-COVID Ever vs. never Persistent vs. never
n = 2117
n (%)

n = 647
n (%)

n = 139
n (%)

RR* (95% CI) RR*,† (95% CI)

COVID-19 severity

Asymptomatic 384 (18.1) 32 (4.9) 2 (1.4) ref ref

Mild/moderate 1712 (80.9) 564 (87.2) 115 (82.7) 3.10 (2.20,4.36) 11.67 (2.89,47.21)

Severe/critical 21 (1.0) 51 (7.9) 22 (15.8) 9.88 (6.88,14.18) 109.67 (26.82,448.45)

First infection

Pre-omicron period 557 (26.8) 379 (58.6) 139 (100.0) ref

Omicron period 1525 (73.2) 268 (41.4) 0 (0.0) 0.36 (0.32,0.42)

Vaccination pre-infection

No 429 (21.0) 356 (55.0) 137 (98.6) ref ref

Yes 1617 (79.0) 291 (45.0) 2 (1.4) 0.33 (0.29,0.38) 0.01 (0.00,0.02)

Vaccination pre-infection, by amount

No vaccine 429 (21.2) 356 (55.0) 137 (98.6) ref

1 dose 27 (1.3) 14 (2.2) 2 (1.4) 0.78 (0.52,1.19)

2 doses 351 (17.4) 82 (12.7) 0 (0.0) 0.40 (0.33,0.50)

3 doses 1170 (57.9) 193 (29.8) 0 (0.0) 0.31 (0.27,0.36)

4 doses 42 (2.1) 2 (0.3) 0 (0.0) 0.10 (0.03,0.40)

Vaccination within 3 months post-
infection

No 373 (88.6) 338 (94.9) 132 (96.4) ref ref

Yes 48 (11.4) 18 (5.1) 5 (3.6) 0.58 (0.39,0.86) 0.32 (0.09,1.19)

Type of first vaccine dose

BioNTech/Pfizer 849 (50.3) 157 (54.0) 0 (0.0) ref

Moderna/Lonza 197 (11.7) 35 (12.0) 0 (0.0) 1.01 (0.72,1.42)

Oxford/AstraZeneca 611 (36.2) 93 (32.0) 2 (100.0) 0.96 (0.74,1.26)

J&J/Janssen 31 (1.8) 6 (2.1) 0 (0.0) 1.11 (0.53,2.30)

Table 5  SARS-CoV-2 antibody levels in 2020 (pre-vaccination) and their association with long-COVID development and persistence in 
442 SARS-CoV-2-infected participants and seropositive in 2020

SD standard deviation; RR relative risk, CI confidence intervals
a log10 transformed
b Adjusted for age, sex, and educational level
c Adjusted for age, sex, educational level, and COVID-19 severity

SARS-CoV-2 
antibody 
levelsa

Never long-COVID Ever long-COVID Persistent long-COVID Ever vs never Persistent vs never

n = 304
Mean (SD)

n = 138
Mean (SD)

n = 52
Mean (SD)

RRb (95% CI) RRc (95% CI) RRb (95% CI) RRc(95% CI)

IgG NFL 4.2 (0.5) 4.5 (0.5) 4.5 (0.5) 2.14 (1.60,2.87) 1.77 (1.36,2.30) 3.15 (1.81,5.48) 2.52 (1.53,4.14)

IgG Nct 3.4 (0.5) 3.7 (0.6) 3.8 (0.6) 2.00 (1.58,2.54) 1.66 (1.31,2.09) 2.70 (1.78,4.08) 2.10 (1.39,3.18)

IgG RBD 3.1 (0.7) 3.6 (0.8) 3.7 (0.8) 1.67 (1.41,1.98) 1.45 (1.24,1.71) 2.13 (1.56,2.93) 1.83 (1.35,2.48)

IgG S 3.3 (0.8) 3.8 (0.8) 3.9 (0.8) 1.60 (1.34,1.91) 1.41 (1.20,1.66) 2.08 (1.47,2.93) 1.80 (1.31,2.48)

IgG S2 4.1 (0.6) 4.5 (0.6) 4.5 (0.6) 1.82 (1.44,2.31) 1.57 (1.27,1.96) 2.42 (1.55,3.76) 2.04 (1.36,3.07)
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SARS-CoV-2 infection, COVID-19, and long-COVID are 
reported to increase the risk of several medical condi-
tions including respiratory conditions, cardiac arrest, or 
type 2 diabetes, highlighting the necessity to understand 
the course of long-COVID symptoms over time [10].

Using hypothesis-free methods, we identified three 
subtypes with differing clinical presentation and prog-
nostic ability, as the subtype severe multi-organ had a 
higher risk for long-COVID persistence. Our findings 
emphasize the need for comprehensive, longitudinal, and 
deep phenotyping studies to validate the clinical applica-
bility of long-COVID subtyping.

While the highest risks were observed among individu-
als with severe COVID-19, nearly ten times as many cases 
of long-COVID emerged among patients with mild man-
ifestations of the disease since they constitute the vast 
majority of COVID-19 patients. Our findings on disease 
severity were supported by strong correlations between 
2020 IgG pre-vaccination antibody levels following initial 

SARS-CoV-2 infection, which exhibit a close correlation 
with infection severity [15], and subsequent develop-
ment of long-COVID. Nevertheless, after adjusting for 
COVID-19 severity, higher IgG were still associated with 
long-COVID, suggesting that the immune system medi-
ates (e.g., through immune activation) or reflects (e.g., 
virus persistence) the underlying mechanisms implicated 
in long-COVID development. Also in line with these 
results and previous studies [7], we found a lower risk 
for long-COVID symptoms in participants infected with 
omicron variants compared to pre-omicron. However, 
we did not investigate the factors underlying this asso-
ciation, which may be attributed to the characteristics of 
the omicron variant, known to cause milder infections, as 
well as other factors, such as widespread vaccination. The 
discovery that pre-infection vaccination confers a pro-
tective effect on long-COVID, even when accounting for 
COVID-19 severity, suggests improved infection control 
and immune response modulation by vaccines.

We and others have shown that women are at higher 
risk of developing long-COVID [30–32], although they 
are at lower risk of developing severe infection. The 
potential underlying mechanisms are complex to discuss, 
and probably heterogeneous. Moreover, this female pre-
dominance aligns with broader patterns seen in immune-
mediated diseases particularly auto-immune diseases, 
where women are generally more vulnerable [33]. More 
data would be needed to deepen into the potential factors 
involved.

We observed that lifestyle factors, namely physical 
activity, sleep, and obesity, were associated with long-
COVID. These factors are potentially modifiable and 
thus crucial in preventing a chronic condition. The well-
established impact of physical activity on the onset and 
prognosis of respiratory conditions should be taken into 
account in patients affected by long-COVID [34, 35]. 
Sleep duration exhibits a U-shaped relationship with 
health outcomes, highlighting its importance in prevent-
ing long-COVID [36]. Finally, obesity, a lifestyle disease 
that increases susceptibility to infections [37], remained 
in the multivariable model underscoring its role as a pre-
dictor for the development of long-COVID. We dem-
onstrated that smoking is a risk factor specifically for 
omicron-related long-COVID. Earlier variants like the 
original strain and Delta caused more severe (lung) infec-
tions, potentially masking the long-term effects observed 
in smokers.

The influence of pre-existing chronic conditions, 
notably respiratory, digestive, joints diseases, anxi-
ety, and depression, exerts a substantial role in long-
COVID development and persistence. It is recognized 
that long COVID can also exacerbate pre-existing 
health conditions [4]. Asthma/COPD are likely 

Table 6  Multivariable model on the association between 
sociodemographic, lifestyle, clinical, and COVID-19-related factors 
and long-COVID development among 2665 SARS-CoV-2-infected 
participants of the COVICAT cohort, 2020–2023

RR relative risk, CI confidence intervals, BMI body mass index

RR (95% CI)

Age, years

  < 50 ref

  50–64 0.89 (0.75,1.06)

  65 +  0.82 (0.66,1.03)

Sex

  Male ref

  Female 1.47 (1.27,1.69)

Educational level

  University ref

  Secondary 1.09 (0.96,1.25)

Primary or less 1.25 (1.01, 1.56)

BMI ≥ 30 kg/m2 1.19 (1.03,1.37)

Asthma or COPD 1.35 (1.14, 1.59)

Anxiety/depression 1.36 (1.09, 1.71)

Digestive diseases 1.33 (1.04, 1.70)

Joint problems, rheumatism 1.40 (1.14, 1.71)

COVID-19 severity

  Asymptomatic ref

  Mild/moderate 2.42 (1.74,3.38)

  Severe/critical 4.31 (2.99,6.20)

Vaccination pre-infection, by amount

  No vaccine ref

  1 dose 0.81 (0.55,1.21)

  2 doses 0.44 (0.36,0.54)

  3 doses 0.35 (0.30,0.41)

  4 doses 0.10 (0.03,0.38)
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contributing to the increased risk through pre-existing 
lung damage as well as immune and inflammatory-
related pathways. The role of mental health conditions 
[38, 39] may have been previously underestimated 
due to challenges in establishing temporal sequences. 
Immune dysregulation, increasingly recognized in 
mental health diseases including depression, could 
explain the higher risk of long-COVID [40].

Our study has several strengths and some limita-
tions. Among the strengths are (i) the population-
based cohort design, which captures a wide spectrum 
of long-COVID symptoms and incorporates novel 
exposures, offering advantages over studies based 
solely on clinical records; (ii) the comprehensive 
assessment of long-COVID symptoms, particularly 
valuable during the 2021 follow-up when the con-
dition was still poorly characterized, together with 
the integration of electronic health record data and 
serological testing conducted in a substantial por-
tion of the cohort; and (iii) the long follow-up period 
that included pre-pandemic health data, enabling the 
evaluation of selection processes within the popula-
tion. However, the study also has limitations: (i) losses 
to follow-up, which may have introduced selection 
bias. Nevertheless, we demonstrated that prior health 
status, including the severity of COVID-19, was not 
significantly related to the probability of follow-up, 
reducing the likelihood of bias toward more severe 
cases; (ii) the limited frequency of follow-up contacts 
during the pandemic. While more frequent contacts 
would have been advantageous, they were not feasible 
due to the population-based, non-hospitalized nature 
of the study. Additionally, EHRs often inadequately 
capture the diverse spectrum of long-COVID symp-
toms, limiting their utility in providing timely addi-
tional information for most cases including treatment; 
(iii) the timing of the first infection was not possible 
to document for asymptomatic individuals with sero-
logical evidence of infection. Nonetheless, this limita-
tion did not affect the validity of our analyses, as we 
evaluated broad pandemic periods (e.g., pre-Omicron 
vs. Omicron) that were robustly defined; (iv) the lack 
of appropriate data of re-infections, as SARS-CoV-2 
testing was not widespread at the population level at 
the end of the study period and serology is not effec-
tive for detecting re-infections due to prior immunity; 
and (v) similar to other studies on long COVID [41], 
information on long COVID symptoms was requested 
only among those infected. This does not affect infer-
ences on the risk of long COVID among the infected, 
although may limit the conduct of other analyses such 
as the specificity of long-term symptoms that are 
attributable to SARS-CoV-2 infection.

Conclusions
In conclusion, our study reveals a significant risk of 
long-COVID after SARS-CoV-2 infection and found 
that symptoms persist for over two years in about half of 
cases. The risk of long-COVID was influenced by vari-
ous factors, with the severity of the initial SARS-CoV-2 
infection, COVID-19 vaccination, and prior chronic 
conditions playing predominant roles. International col-
laboration in population-based studies will be essential to 
assess the generalizability of these findings across diverse 
populations.
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