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2. Introductory summary  

2.1 Background and relevance 

Since early 2020, the coronavirus disease 2019 (COVID-19) pandemic caused by infection with 

the severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2) has deeply affected human 

life on a global scale, imposing unprecedented challenges on individuals, communities, as well 

as healthcare systems. As of October 2024, over 700 million COVID-19 cases were diagnosed 

and more than seven million mortality were documented globally [1]. 

During the acute SARS-CoV-2 infection, individuals present with varying clinical manifestations, 

ranging from mild symptoms to critical condition including organ failure and death [2]. In children 

and adolescents, severe cases have been documented [3, 4], despite the majority of this popula-

tion typically experience milder courses of disease following SARS-CoV-2 infection compared to 

adults [5, 6]. Many characteristics have been linked to severe disease in children and adolescents, 

including symptoms during acute infection, preterm birth, pre-existing comorbidities, and co-in-

fection with respiratory syncytial virus (RSV) [7-13]. However, it is still not completely understood 

how typical characteristics of affected children and adolescents translate into severe disease out-

comes at discharge from the hospital. This doctoral thesis uses the outcomes at discharge from 

the hospital to describe the short-term health consequence of SARS‑CoV‑2 infection. 

Beyond the immediate health concerns and acute cases, COVID-19 has given rise to a troubling 

set of long-term health issues. Many patients, including those who were initially asymptomatic or 

experienced only mild-to-moderate symptoms amid the acute infection, developed or continued 

to suffer from a range of signs and symptoms after the primary infection had resolved [14, 15]. 

Many terms were developed to describe these signs and symptoms, among which “Post-COVID-

19 Syndrome (PCS)”, “Long COVID”, and “Post-COVID condition” are the most widely used [16-

18]. “Long COVID” is a term collectively created by patients to describe these signs and symptoms 

[18]. In the definition of the UK’s National Institute for Health and Care Excellence (NICE), Long 

COVID is the signs and symptoms lasting over four weeks, while PCS refers to symptoms per-

sisting beyond 12 weeks [17]. This doctoral thesis follows the NICE terminology of PCS to de-

scribe the long-term health consequence of SARS‑CoV‑2 infection. 

The world health organization (WHO) estimated that around 10–20% of SARS‑CoV‑2-infected 

patients might experience PCS [16]. Many studies revealed that time to recovery exceeded six 

months [19, 20]. However, the evolving nature of PCS has led to substantial variability in defini-

tions and diagnostic criteria across studies, resulting in limited consensus on the prevalence, the 

recovery time and preventable risk factors associated with PCS [21, 22]. 

A deeper understanding of the patient stratification as well as the short- and long-term health 

consequences of SARS-CoV-2 infection is essential to facilitate optimized care and rehabilitation 

protocols tailored to the needs of individuals and to guide public health initiatives for SARS-CoV-

2-infected patients. This PhD project advances the understanding of patient stratification and the 
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immediate and long-term effects of SARS-CoV-2 infection on health by examining two different 

time frames following infection: the acute infection phase and the period from infection to at least 

six months after infection. We also contribute a broader life course perspective by investigating 

outcomes of children, adolescents, and adults after the acute infection period. Specifically, we 

present the clinical phenotypes and the short-term outcomes in SARS-CoV-2-infected children 

and adolescents, we quantify the prevalence and time to recovery from PCS in adults. Ultimately, 

our findings can serve as a risk stratification tool for patients with SARS-CoV-2 infection, and as 

a blueprint for other viral diseases that pose comparable short- and long-term consequences. 

2.2 Exploring the short- and long-term health consequences of 

SARS-CoV-2 infection 

2.2.1 Acute SARS-CoV-2 infection and short-term health consequence in 

children and adolescents 

In comparison to adults, the course of SARS-CoV-2 infection is less severe in children and ado-

lescents [5, 6]. However, serious illness necessitating admission to the intensive care unit (ICU) 

was observed in 0.02% of all infected children and adolescents [4]. Those who underwent severe 

disease were at an increased risk of unfavorable short-term outcomes, including mortality [23], 

as well as long-term consequences of PCS [24, 25]. 

Many factors can affect the severity of acute disease in children and adolescents. Signs and 

symptoms including respiratory symptoms (dyspnea, abnormal breath sounds, and chest reces-

sions), gastrointestinal symptoms (diarrhea and vomiting), neurological symptoms (seizures), and 

general symptoms (fever) were shown to be relevant to moderate/severe disease [11, 13]. Apart 

from signs and symptoms during the acute phase, the most identified risk factors associated with 

severe disease were preterm birth, comorbidities such as cardiac disease, neurological disease, 

diabetes, obesity, asthma, and immunocompromised condition [7-11]. One study also showed 

that RSV coinfection was correlated to severe COVID-19 among those hospitalized patients less 

than five years old [12]. However, a clear stratification of patients based on those clinical and 

epidemiological characteristics during acute SARS-CoV-2 infection is still needed. 

Clinical phenotype identification is a promising approach to stratify patients. Clinical phenotypes 

disclose how the population being studied can be divided into clusters with different epidemiolog-

ical and clinical characteristics [26, 27]. Following the COVID-19 pandemic, some studies sought 

to identify distinct clinical phenotypes in adults using variables encompassing demographics, 

symptoms, comorbidities, treatment for comorbidities, radiographic findings, laboratory parame-

ters, and other COVID-19 risk factors like smoking [26-28], but clinical phenotypes focusing on 

children and adolescents with SARS-CoV-2 infection were not reported. 

The short-term outcomes of children and adolescents after acute SARS-CoV-2 infection include 

full recovery, mortality and complications [29, 30]. How patients’ clinical and epidemiological fea-
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tures during acute SARS-CoV-2 infection can affect patients’ outcomes is still not completely un-

derstood. For the clinical phenotype identification approach, although it is different from the tradi-

tional method of investigating predictive associations of each risk factor with certain disease out-

comes [26], it does play an important role in helping physicians understand disease pathophysi-

ology, predict outcomes and guide personalized case strategies [31]. Some of the identified clin-

ical phenotypes in SARS-CoV-2-infected adults indicated potential prognostic values for short-

term outcomes. To give an example, phenotype with older age, high severity of illness, and high 

frequency of shock were associated with mortality during ICU [28], similarly, phenotype with older 

age, higher frequency of comorbidities, and laboratory parameters indicating systemic inflamma-

tion were associated with mortality after 30 days [26]. However, whether specific clinical pheno-

types have similar prognostic short-time validity among SARS-CoV-2-infected children and ado-

lescents remains to be investigated. 

2.2.2 Post SARS-CoV-2 infection to at least six months after: prevalence, 

duration, and risk factors 

After acute infection, patients of all ages may experience delayed recovery. PCS can influence 

patients' health-related quality of life, complicate their recovery trajectory, and affect their ability 

to return to daily activities or productive work [32-34]. Nevertheless, there is still no consensus on 

the burden of PCS, including the estimation of the prevalence, the recovery time, and the risk 

factors prolonging recovery. 

The most common symptoms of PCS include fatigue, difficulty breathing/dyspnea, myalgia, diffi-

culty concentrating, post-exertional malaise, sleep disorder, intolerance of effort, cognitive symp-

toms including memory loss and cognitive impairment [35, 36]. Nevertheless, estimation of PCS 

prevalence differs across populations. One population-based cohort study in Australia estimated 

that approximately 5% of patients showed PCS, but most COVID-19 cases experienced fast re-

covery [21]. Another study from Scotland estimated the prevalence of at least one symptom was 

13.8% at six months post-infection [19]. However, prevalence of PCS was found to be 22.5% in 

the US [22]. A population-based prevalence estimation is still needed. 

In terms of time from acute infection to recovery, there are huge discrepancies across different 

settings. One study reported only 4% of infected individuals not recovered at 120 days post in-

fection [21], another study reported the proportion of not having recovered as 17.2% (14.0% to 

20.8%) at 24 months after infection [20]. A study from Ethiopia reported 50% of the participants 

were recovered within 9 days [37]. Another study reported 50% of individuals with mild acute 

disease recovered in 63 days and 50% of those with moderate acute disease recovered in 232 

days [38]. In another international online cohort, the estimated risk of symptoms persisting longer 

than 35 weeks was 91.8% [36]. Thus, it is essential to address the between-study heterogeneity 

and provide a reliable estimation of time to recovery after SARS-CoV-2 infection. 

Many studies have explored the risk factors of prolonged recovery. Some studies reported older 

age, female sex, overweight/obesity, number of pre-existing health conditions, severe COVID-19 

disease during the acute phase, and smoking to be risk factors for PCS [21, 38, 39]. However, 
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whether there are other preventable or modifiable factors that can delay recovery is still awaiting 

investigation, to better inform public health intervention strategies. 

2.2.3 Research questions and objectives 

This PhD project was designed to address the following research questions: 

How can patients infected with SARS-CoV-2 be stratified? What are the short- and long-term 

health effects following SARS-CoV-2 infection? 

More specifically, we sought to investigate: 

A) Do specific clinical phenotypes exist among SARS-CoV-2-infected children and adolescents?  

B) Can these clinical phenotypes in children and adolescents inform prognosis? 

C) What is the prevalence of COVID-19-related symptoms in adults over six months post SARS-

CoV-2 infection? 

D) How long does it take for adult patients to recover following infection with SARS-CoV-2? 

E) What characteristics lead to delayed recovery in SARS-CoV-2-infected adults? 

2.2.4 Overview of the scientific publications encompassed in this 

cumulative thesis 

This cumulative thesis comprises two scientific publications: 

• Shi Y, Strobl R, Berner R, Armann J, Scheithauer S, Grill E. Six Clinical Phenotypes with 

Prognostic Implications were identified by Unsupervised Machine Learning in Children and 

Adolescents with SARS-CoV-2 Infection: Results from a German Nationwide Registry. Res-

piratory Research. 2024 Oct 30;25(1):392. doi: 10.1186/s12931-024-03018-3. (Hereinafter 

referred to as “publication 1”) 

• Shi Y, Strobl R, Apfelbacher C, Bahmer T, Geisler R, Heuschmann P, Horn A, Hoven H, Keil 

T, Krawczak M, Krist L, Lemhöfer C, Lieb W, Lorenz-Depiereux B, Mikolajczyk R, Montellano 

FA, Reese JP, Schreiber S, Skoetz N, Störk S, Vehreschild JJ, Witzenrath M, Grill E; NAP-

KON Study Group. Persistent symptoms and risk factors predicting prolonged time to symp-

tom-free after SARS-CoV-2 infection: an analysis of the baseline examination of the German 

COVIDOM/NAPKON-POP cohort. Infection. 2023 Dec;51(6):1679-1694. doi: 

10.1007/s15010-023-02043-6. (Hereinafter referred to as “publication 2”) 
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2.3 Methods and results for publication 1  

2.3.1 Methods 

2.3.1.1 Data source 

Data from the DGPI registry (“Deutsche Gesellschaft für Pädiatrische Infektiologie”, German So-

ciety of Pediatric Infectious Diseases) were used to answer scientific questions A and B. 

The DGPI registry is initiated by DGPI in Germany, which aimed at including children and ado-

lescents who were hospitalized in pediatric hospitals across Germany and had a confirmed 

SARS-CoV-2 infection [40]. Data on demographics, COVID-19 symptoms, comorbidities, co-in-

fections, and COVID-19 risk factors were collected at admission and during hospitalization, and 

discharge outcomes were collected upon discharge by pediatricians at the respective hospitals 

[4]. From March 2020 to November 2022, 6983 participants were included in the registry. 

2.3.1.2 Variables for phenotype identification in children and adolescents 

Variables including sex, COVID-19 symptoms, comorbidities, coinfection, and COVID-19 risk fac-

tors were used to identify phenotypes in children and adolescents. A description of the variables 

is reported in publication 1 [41]. 

2.3.1.3 Outcome variables for prognostic evaluation of clinical phenotypes 

In publication 1, two main outcomes were examined. The primary outcome was discharge status, 

which was classified into three categories: unfavorable prognosis (which consists of identified 

irreversible impairment at discharge from hospital and mortality due to SARS-CoV-2), residual 

symptoms, and full recovery. The secondary outcome was ICU admission. 

2.3.1.4 Statistical methods 

In order to determine phenotypes in children and adolescents, hierarchical agglomerative clus-

tering was applied on the above predefined variables in section 2.3.1.2. This method was chosen 

since it does not predefine the number of phenotypes. This method uses a "bottom-up" approach, 

starting with each patient in its own cluster, then merging a pair of patients most similar to each 

as one moves up the hierarchy, and finally stopping until all patients in one cluster [42]. Thirty 

statistical indices were employed to identify the most appropriate number of clusters, in combina-

tion with the evaluation of the clinical explanation by experienced pediatricians. Following the 

identification of the clinical phenotypes, unadjusted summary statistics including absolute and 

relative frequencies of the clustering variables were presented stratified by clinical phenotypes. 

Additionally, for prognosis evaluation, we applied a binary logistic regression to assess their cor-

relation with ICU admission and multinomial logistic regression to evaluate their relationships with 

discharge status. Odds ratios (ORs) with confidence intervals (CIs) were estimated in these mod-

els. Phenotype A was chosen as the reference phenotype, admission to a standard ward as the 

reference ICU status, and full recovery as the reference discharge status.  
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2.3.2 Main results 

2.3.2.1 Clinical phenotypes during acute SARS-CoV-2 infection among 

children and adolescents  

Six distinct phenotypes were identified among children and adolescents infected with SARS-CoV-

2, each differing regarding symptomatology, co-infections, comorbidities, and SARS-CoV-2 risk 

factors. Each phenotype reveals varying clinical patterns and associated risk factors, emphasizing 

the heterogeneity of SARS-CoV-2 manifestations in pediatric populations. A detailed description 

of phenotypes is shown in Table 1. 

Table 1 Main characteristics of hospitalized children and adolescents with SARS-CoV-2 

infection grouped into six distinct clinical phenotypes (hierarchical agglomerative cluster-

ing) 

Phenotypes Main characteristics  

Phenotype A Patients presented with diverse symptoms and cannot be characterized by one single 

typical symptom. This group had higher frequencies of non-pulmonary bacterial infec-

tions (9.2%), preterm birth history (9.9%), and smoking exposure (6.2%) compared to 

other phenotypes.  

Phenotype B Patients were predominantly characterized by gastrointestinal symptoms (95.9%). 

These patients also had non-pulmonary viral coinfections more frequently (12.5%). 

Phenotype C Patients were mostly asymptomatic (95.9%). This group showed an increased fre-

quency of non-pulmonary bacterial infections (7.1%) and were more likely to have re-

ceived immunosuppressive treatment prior to the current illness (4.1%). 

Phenotype D The majority of patients had symptoms related to the lower respiratory tract (49.8%) 

and had a higher prevalence of comorbidities. They were more likely to have pulmonary 

bacterial infections (3.3%), demonstrate SARS-CoV-2 risk factors (40.6%, including 

maternal SARS-CoV-2 positivity for newborn patients), and need home oxygen or ven-

tilation therapy before the present hospitalization (8.7%). 

Phenotype E This group showed a combination of lower respiratory tract symptoms (86.2%) and ear, 

nose, and throat (ENT) symptoms (41.7%). They also had higher rates of pulmonary 

viral infections (6.8%) and pulmonary bacterial infections (1.9%). 

Phenotype F Patients had predominantly neurological disease, with 99.2% of patients exhibiting neu-

rological symptoms. 

2.3.2.2 Prognostic implications of clinical phenotypes 

In terms of discharge status, compared to phenotype A, children and adolescents with pheno-

types D and E exhibited the highest odds of experiencing residual symptoms upon discharge from 

hospital, with odds ratios of 1.33 (95% CI: 1.11–1.59) and 1.91 (95% CI: 1.65–2.21), respectively. 

Additionally, children and adolescents with phenotype D were more likely to have an unfavorable 

prognosis, with an odds ratio of 4.00 (95% CI: 1.95–8.19). Regarding ICU admission, individuals 
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with phenotype D demonstrated higher likelihood of ICU care than staying in a standard ward, 

with an odds ratio of 4.26 (95% CI: 3.06–5.98) compared to those with phenotype A. 

2.4 Methods and results for publication 2 

2.4.1 Methods 

2.4.1.1 Data source 

Data from the NAPKON (“Nationales Pandemie Kohorten Netz”, the National Pandemic Cohort 

Study Network) cohort were used to answer scientific questions C, D and E. 

NAPKON is a nationwide cohort which was created in 2020, aiming to be the most comprehensive 

clinical-epidemiological COVID-19 cohort in Germany [43]. COVIDOM/NAPKON-POP is one of 

the three cohort platforms within NAPKON; it is a population-based platform, focusing on investi-

gating the long-term health effects in SARS-CoV-2-infected adults. It includes adults at least six 

months after a positive SARS-CoV-2 polymerase chain reaction (PCR) test [44]. Publication 2 

project focused on the baseline assessment of the recruited patients, with data collected by pre-

onsite and onsite questionnaires, physical examination, and interviews [44]. Between November 

2020 and September 2021, 1441 participants were included for the baseline assessment. 

2.4.1.2 Variables for time to symptom-free prediction in adults 

Participants were asked whether they had the following 22 specific SARS-CoV-2-related symp-

toms and “other symptoms” during acute infection and during the baseline assessment. 22 symp-

toms included smell disorders/anosmia, taste disorders/ageusia, abdominal pain, disturbances of 

consciousness/confusion, hoarseness, dizziness, fever, runny nose, cough, limb pain, shortness 

of breath/dyspnea, muscle pain, wheezing or wheezing breathing, nausea, skin rash, hair loss, 

diarrhea, vomiting, headache, chest pain, sore throat/scratching, and chills. If “other symptoms” 

was selected, the patients were asked to give a specific free-text answer. We consider the fatigue 

symptom as present if it contained “fatigue” or its synonyms in this free-text answer. 

Symptom burden during the acute phase were classified as 1-5 symptoms and ≥ 6 symptoms to 

predict prolonged time to symptom-free. Other variables used to predict prolonged time to symp-

tom-free included: sex, age, education status, body mass index (BMI), resilience, alcohol drinking, 

smoking, acute disease treatment, comorbidities, and whether living with a partner. Resilience 

was assessed by the brief resilience scale (BRS) [45]. BMI was computed using weight and height 

measurements obtained during on-site baseline assessment, using the equation: BMI = kg/m². 

2.4.1.3 Outcome variables for prediction of prolonged time to symptom-

free 

Self-report using the following question was used to measure the time to symptom-free: “How 

long did it take for you to become symptom-free after your first symptoms?” [46] In this PhD project, 
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symptom-free time was defined as the number of days from the occurrence of the first symptom 

to symptom-free. 

2.4.1.4 Statistical methods 

Unadjusted percentages were used to compare the differences among symptoms during acute 

infection and symptoms at least six months after infection. To show the difference in time to symp-

tom-free among different subgroups, we used Kaplan-Meier curves to visualize differences be-

tween these subgroups, and used log-rank tests to test them. To estimate adjusted hazard ratios 

(aHRs) and CIs of variables associated with delayed time to recovery, we used a stratified Cox 

proportional hazard model. Stratified cox regression model was used since variable “symptom 

burden” did not conform to the PH assumption; no coefficient was estimated for variable “symp-

tom burden” itself in this model, but hazard ratios for other remaining variables were estimated, 

by means of setting different baseline hazard for each stratum of “symptom burden” [47]. An aHR 

smaller than one indicated a prolonged time to becoming symptom-free. 

2.4.2 Main results 

2.4.2.1 Prevalence of symptoms during acute infection and nine months 

post infection 

Although the study protocol aimed to recruit participants over six months post SARS-CoV-2 in-

fection, participants included in this study had a mean observation time of about 9 months (280 

days) since the onset of infection. Patient flow in publication 2 is shown in Figure 1. After exclud-

ing one patient with an implausible PCR test date and 90 patients whose observation time was 

less than six months, 1350 patients were included for the description of symptom prevalence. 

During acute infection, we observed 23 SARS-CoV-2-related symptoms during acute infection; 

nine months after infection, 22 of them remained persistent at the time of baseline examination, 

except for vomiting. The most frequently reported symptoms included anosmia/smell disorder 

(19.3%), dyspnea/shortness of breath (18.9%), fatigue (14.1%), as well as ageusia/taste disorder 

(13.8%) nine months after infection. Additionally, each of the following symptoms was reported 

by more than 5% of participants: cough (6.0%), chest pain (6.4%), disturbances of conscious-

ness/confusion (6.6%), dizziness (9.0%), limb pain (9.5%), headache (10.2%), and muscle pain 

(10.6%). In contrast, fewer than 5% participants continued to report fever, chills, sore throat, and 

a runny nose at the time of the baseline examination, whereas many had experienced these 

symptoms during the acute infection phase. 
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Figure 1 Patient flow in publication 2. This figure is adapted from the study profile in publication 

2 [46]. 

2.4.2.2 Time to full recovery after SARS-CoV-2 Infection 

After excluding 108 patients who were asymptomatic and another 67 patients whose outcomes 

(time to symptom-free or current symptom status) were missing, 1175 patients were included for 

survival analysis. COVID-19-related symptom resolution occurred in 25% of the study participants 

in the first 18 days (Interquartile range: 14–21 days). By 28 days post-symptom onset, 34.5% 

participants had become symptom-free. After this point, symptom resolution slowed significantly. 

At nine months following the acute infection, 54.1% of participants continued to report COVID-19-

related symptoms. 

2.4.2.3 Factors correlated with prolonged time to complete recovery 

following SARS-CoV-2 infection 

The adjusted hazard ratios with 95% CI for the variables included in the final stratified Cox pro-

portional hazard model are shown in Figure 2. Compared to those under 49 years, patients be-

tween 49 and 59 years old were 30% less likely to become symptom-free, while no significant 

difference was observed for patients who were 60 years or older. Women, individuals with lower 

educational levels, and those living with a partner also experienced prolonged recovery time. We 

also found that participants with low resilience had a 35% lower possibility to recover. Additionally, 

treatment during the acute infection phase also had an impact: steroid treatment and absence of 

medication were associated with delayed symptom resolution. Pre-existing comorbidities includ-

ing chronic rheumatologic/immunologic disease, chronic neurological disease, and chronic liver 

disease were not independent risk factors predicting prolonged recovery. 
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Figure 2 A forest plot of the adjusted hazard ratios with 95% confidence intervals for co-

variates in the stratified Cox proportional hazard model. 
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2.5 Strengths and limitations 

This doctoral thesis features several notable strengths: the application of large-scale cohort data, 

robustness of the study findings, methodological rigor, and a focus on both pediatric and adult 

populations. 

Foremost among these is the large-scale cohort data used in this thesis. We were able to utilize 

two well-established SARS-CoV-2 cohorts in Germany for this dissertation and therefore could 

rely on well-curated prospectively collected data for our analysis. The DGPI registry is a unique 

resource of data from children and adolescents who were confirmed to be infected with SARS-

CoV-2. Likewise, the COVIDOM/NAPKON-POP cohort includes data from adults across the 

whole spectrum of disease. Unlike other COVID-19 cohorts, COVIDOM/NAPKON-POP also in-

cluded patients identified by local health authorities through positive PCR tests, giving patients 

the chance to be included even if they did not attend a healthcare provider. 

Extensive sensitivity analyses added to the validity of our results. In publication 1, to investigate 

whether the clinical phenotypes differ in different age groups, we also applied the same set of 

hierarchical agglomerative clustering and prognosis evaluation to the groups of infants (those 

under one year old) and to non-infants (those older than or equal to one year old) and showed 

that clinical phenotypes in infants and non-infants were almost identical except that infant did not 

exhibit the phenotype characterized by neurological symptoms. In publication 2, since symptom 

burden and hospitalization are closed related to “disease severity”, we did not include hospitali-

zation in the main model, instead, we explored whether hospitalization had an impact on time to 

recovery from a SARS-CoV-2 infection in sensitivity analyses and showed that only during the 

initial four weeks was hospitalization correlated with delayed recovery. 

Another major strength is methodological rigor across the two publications. In publication 1 we 

were able to apply novel methodologies to identify and evaluate the clinical phenotypes among 

SARS-CoV-2-infected children and adolescents. When determining the most appropriate number 

of phenotypes, we not only considered the statistically optimal choice but also carefully evaluated 

their clinical relevance in collaboration with experienced pediatricians. The final phenotypes were 

selected based on their applicability in clinical practice. In publication 2, we thoroughly reviewed 

the original NAPKON data, and excluded one participant due to an implausible PCR test date 

along with 90 cases where the time between the PCR test and the survey was less than six 

months; and we checked the PH assumption of each predictor and applied stratified Cox propor-

tional hazard model to identify patient characteristics correlated with delayed recovery, by strati-

fying on “symptom burden” which did not conform to the PH assumption. Furthermore, we han-

dled missing data with Random Forest (RF) in publication 1 and with Multiple Imputation by 

Chained Equations (MICE) in publication 2, which both provided robust imputations and en-

hanced the reliability of our study results. 

Furthermore, by including both pediatric and adult populations and examining the course from the 

acute infection phase to nine months post-infection, we provided a comprehensive assessment 

of disease progression and short- and long-term outcomes. This approach allows for a better 
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understanding of age-specific differences in recovery patterns and risk factors, ultimately inform-

ing more targeted clinical management and public health strategies. 

There are also some noteworthy limitations. Firstly, due to the self-reported nature of the study 

outcomes in publication 2, the results might be subjected to recall bias. However, it is also possi-

ble that even after they recover, patients still have a clear memory of the time course. Secondly, 

extrapolating the study results to the entire infected population should be done with caution. In 

publication 1, we included only the hospitalized children and adolescents and the sample might 

not be representative of the whole infected children and adolescent population. In publication 2, 

we are confident that this sample accurately represents the infected population during the study 

period in the respective regions. However, the varying responses among infected patients may 

have introduced bias in estimating the prevalence and persistence of symptoms, so the results 

may not be transferable to the whole infected adult population. Thirdly, further studies are still 

needed based on the exploratory research of this doctoral thesis. Although the clinical phenotypes 

acquired in publication 1 were robust for the current population, they were not externally validated; 

the estimation for publication 2 mainly included patients with the SARS-CoV-2 wild type and alpha 

type variant, thus, the estimation of the prevalence of PCS and time to recovery might not be 

transferable to recent Omicron variant and other variants. To improve generalizability, future stud-

ies should validate the clinical phenotypes in independent cohorts and conduct longitudinal stud-

ies comparing the prevalence of PCS and the recovery pattern after SARS-CoV-2 infection across 

different variants. 

2.6 Contribution of this doctoral thesis and outlook 

This doctoral thesis provides insights into patient stratification and the immediate and over-time 

health effects of SARS-CoV-2 infection by examining two different time frames: the acute infection 

phase and the period from infection to nine months post-infection. It also provides a life course 

perspective by investigating outcomes in children, adolescents, and adults following the initial 

infection with SARS-CoV-2. 

This thesis uncovered six clinical phenotypes in SARS-CoV-2-infected children and adolescents, 

primarily distinguished by symptomatology: similar symptom presentation as the whole DGPI reg-

istration (phenotype A), gastrointestinal symptoms (phenotype B), asymptomatic symptoms (phe-

notype C), symptoms related to lower respiratory tract (phenotype D), symptoms related to both 

lower respiratory tract and ENT (phenotype E), as well as neurological symptoms (phenotype F). 

By identifying these clinical phenotypes, this thesis provides an innovative approach to under-

stand the heterogeneity of the clinical presentations in this population. These phenotypes high-

light differences in symptomatology, comorbidities, co-infection, and risk factors, offering clini-

cians a valuable framework for prognosis and personalized treatment strategies. The thesis ad-

dresses a significant gap in knowledge by applying novel methodologies to analyze pediatric data, 

which had previously been limited compared to adult studies. 
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The identified clinical phenotypes were evaluated for their associations with ICU admission and 

discharge outcomes. We found out one phenotype which were typically characterized by lower 

respiratory tract symptoms, pre-existing comorbidities, and other SARS-CoV-2 risk factors had 

high possibility of ICU admission, having residual symptoms, and developing unfavorable prog-

nosis. This provides actionable insights for healthcare providers to anticipate the short-term health 

consequences of pediatric SARS-CoV-2 cases and allocate resources effectively. 

Using the COVIDOM/NAPKON-POP cohort, this thesis reveals the prevalence of symptoms was 

over 50% up to nine months after infection, and also reveals the pattern of symptom resolution in 

SARS-CoV-2-infected adults. It highlights the PCS burden and identifies key factors associated 

with prolonged recovery, such as working-age population, female sex, lower educational level, 

low resilience, as well as steroid treatment or lack of treatment during acute infection. The findings 

emphasize the complex interplay of clinical and epidemiological factors in PCS recovery and 

highlight the need for tailored interventions. We found out that although PCS recovery were pri-

marily influenced by factors that are difficult to change, high resilience which is normally consid-

ered to be associated with positive mental health [48], it also helps to relieve self-reported symp-

toms. Future interventional measures for PCS may incorporate resilience development as a com-

ponent. 

In conclusion, this doctoral thesis revealed six clinical phenotypes in pediatric population and 

identified one phenotype typical of lower respiratory tract symptoms and pre-existing comorbidi-

ties to be associated with high risk of severe disease and an unfavorable prognosis. Additionally, 

this research provided estimates for the time to recovery after SARS-CoV-2 infection among 

adults and determined that resilience could serve as a potential interventional factor for recovery. 

These findings contribute to more informed public health strategies and the development of re-

fined care protocols tailored for individuals affected by adverse short- and long-term health con-

sequences. 
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Abstract
Purpose  We aimed to assess symptoms in patients after SARS-CoV-2 infection and to identify factors predicting prolonged 
time to symptom-free.
Methods  COVIDOM/NAPKON-POP is a population-based prospective cohort of adults whose first on-site visits were 
scheduled ≥ 6 months after a positive SARS-CoV-2 PCR test. Retrospective data including self-reported symptoms and time 
to symptom-free were collected during the survey before a site visit. In the survival analyses, being symptom-free served as 
the event and time to be symptom-free as the time variable. Data were visualized with Kaplan–Meier curves, differences were 
tested with log-rank tests. A stratified Cox proportional hazard model was used to estimate adjusted hazard ratios (aHRs) of 
predictors, with aHR < 1 indicating a longer time to symptom-free.
Results  Of 1175 symptomatic participants included in the present analysis, 636 (54.1%) reported persistent symptoms after 
280 days (SD 68) post infection. 25% of participants were free from symptoms after 18 days [quartiles: 14, 21]. Factors asso-
ciated with prolonged time to symptom-free were age 49–59 years compared to < 49 years (aHR 0.70, 95% CI 0.56–0.87), 
female sex (aHR 0.78, 95% CI 0.65–0.93), lower educational level (aHR 0.77, 95% CI 0.64–0.93), living with a partner (aHR 
0.81, 95% CI 0.66–0.99), low resilience (aHR 0.65, 95% CI 0.47–0.90), steroid treatment (aHR 0.22, 95% CI 0.05–0.90) and 
no medication (aHR 0.74, 95% CI 0.62–0.89) during acute infection.
Conclusion  In the studied population, COVID-19 symptoms had resolved in one-quarter of participants within 18 days, 
and in 34.5% within 28 days. Over half of the participants reported COVID-19-related symptoms 9 months after infection. 
Symptom persistence was predominantly determined by participant’s characteristics that are difficult to modify.

Keywords  COVID-19 · Long COVID · Post-COVID syndrome · Time to symptom-free · Risk factors

Introduction

As of December 2022, severe acute respiratory syndrome 
coronavirus 2 (SARS‑CoV‑2) infection has been confirmed 
in over 600 million people worldwide [1]. Many patients, 
even those with mild-to-moderate acute symptoms, continue 

to suffer from symptoms after acute disease [2, 3]. “Long 
COVID” is increasingly used as an umbrella term for signs 
and symptoms persisting for 4 weeks or longer after SARS-
CoV-2 infection [4].

The most frequently reported persisting symptoms include 
fatigue, dyspnea, sleep disorders or insomnia, headache, 
attention disorders, anosmia and ageusia [5–10]. A system-
atic review of 151 studies revealed that > 50% of COVID-
19 patients still had at least one symptom 12 months after 
a confirmed infection [11]. However, generalizability to the 
general population is hampered by the fact that many studies 

The members of the NAPKON Study Group are listed in 
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investigating persisting symptoms after SARS-CoV-2 infec-
tion were based on hospitalized patients whilst others drew 
upon small, selected samples, or lacked a sufficiently long 
follow-up period [12–16]. The ongoing German COVIDOM/
NAPKON-POP population-based study included partici-
pants ≥ 6 months after a positive SARS-CoV-2 polymerase 
chain reaction (PCR) test, regardless of disease severity. 
Recently, some of us used the first results of this study [9] 
to develop a severity score to quantify the symptom load 
associated with post-COVID syndrome (PCS score), which 
is broadly synonymous with Long COVID. PCS score facili-
tates an objective assessment of the extent and severity of 
the condition in the general population. However, detailed 
information on the health burden of long COVID, specifically 
on the time to full recovery, remains scarce.

A study from the Netherlands reported a median time 
to complete recovery of 63 days among individuals with 
mild, and 232 days among individuals with moderate dis-
ease severity [17]. A large international online survey of 
patients with suspected and confirmed SARS-CoV-2 infec-
tion revealed that the probability of time to recovery from 
symptoms exceeding 35 weeks was 91.8% [18]. Most emi-
nent risk factors for Long COVID were the presence or num-
ber of existing comorbidities [2, 17, 19], however, results 
on risks of individual comorbidities were inconsistent [13, 
20–22]. Treatment during acute infection such as steroid 
or antibiotic medication was not indicative of a complete 
recovery [23]. Up to date, the time course of COVID-19 
symptoms and factors associated with time to recovery are 
thus still incompletely understood.

Using COVIDOM/NAPKON-POP baseline data, we 
aimed to retrospectively assess the time course of symptom 
persistence after SARS-CoV-2 infection. We also investi-
gated factors predicting prolonged time to complete recov-
ery (i.e., to becoming symptom-free) in this multi-center 
population-based study covering three regions of Germany.

Methods

Study design

The National Pandemic Cohort Study Network (“Nation-
ales Pandemie Kohorten Netz”, NAPKON) was established 
in Germany in 2020 to coordinate and harmonize COVID-
19 research at a nation-wide level [24]. NAPKON-POP is 
the population-based platform that hosts the COVIDOM 
study aimed at investigating the long-term consequences 
of COVID-19. Participants in COVIDOM/NAPKON-POP 
were recruited at three study sites in Germany, namely Kiel, 
Würzburg, and the Neukölln district of Berlin, covering 
defined geographical regions in the vicinity.

Participants

All eligible individuals were identified through the man-
datory registration of a positive SARS-CoV-2 PCR test 
by local health authorities. First on-site visits of prospec-
tive participants were scheduled ≥ 6 months post PCR test, 
regardless of their acute disease severity, following proce-
dures detailed elsewhere [25]. Inclusion criteria of partici-
pants were: (a) positive PCR for SARS-CoV-2 ≥ 6 months 
before enrollment, (b) living in one of the three covered 
regions, (c) ≥ 18 years of age, and (d) written informed 
consent. Exclusion criterion was an acute SARS-CoV-2 re-
infection at the time of the initial questionnaire, or at the 
scheduled site visit [25]. Recruitment and follow-up of the 
COVIDOM/NAPKON-POP cohort are still ongoing. For the 
present analysis, data from participants recruited between 
November 2020 and September 2021 were used, and only 
symptomatic participants were included.

Method of data collection

Retrospective data on the acute course of COVID-19, time 
to symptom-free and current symptoms were collected from 
self-filled questionnaires before the on-site visit. Later, par-
ticipants were assessed at the study sites during enrollment 
into the prospective cohort study, collecting data on body 
measurement, resilience, COVID-19 treatment, comorbidi-
ties, and lifestyles by physical examination, questionnaires, 
and interviews [25].

Measures

Symptoms

COVID-19-related symptoms were assessed by a self-selec-
tion from 22 specific symptoms and “other symptoms” [9]. 
Participants were asked whether they experienced these 
symptoms in either the infection/acute period or at the time 
of the survey (“current symptoms”). Fatigue was considered 
present when the free-text answer to the prompting ques-
tion following “other symptoms” contained “fatigue” or its 
synonyms. A list of all 23 symptoms is provided in Fig. 1. 
Presence of current symptoms was assessed by the question 
“Do you still have symptoms currently?”.

Time to symptom‑free

Time to symptom-free was assessed using the question: 
“How long did it take you to become symptom-free after 
the occurrence of first symptoms?” Time to symptom-
free was measured as the time from the first appearance 
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of symptoms to symptom-free status in days, weeks or 
months, re-scaled to days (7 days per week and 30 days 
per month) for the purpose of the present study.

For those still experiencing symptoms at the time of the 
survey, time to be symptom-free was considered as cen-
sored and was calculated as the time between the appear-
ance of the first symptoms and the survey.

Additionally, we tested for group differences up to 
28 days (i.e. before becoming a Long COVID case) by 
manually censoring data at this time point. In detail, we set 
the symptom-free time to 28 days and the symptom status 
to “experiencing symptoms” whenever getting symptom-
free took longer than 28 days.

Fig. 1   COVID-19 related symptoms during acute infection and time of survey (N = 1175)
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Alcohol consumption

Alcohol consumption was categorized as abstainers, low-
risk alcohol consumption, or risky alcohol consumption 
(i.e. ≥ 5 times per week, or consumption on one occa-
sion ≥ 4 or ≥ 5 glasses for women and men, respectively) 
[26].

Body Mass Index (BMI)

BMI was calculated from the weight and height measure-
ments taken at the study site with the formula BMI = kg/
m2 and was categorized as: underweight (BMI < 18.5), 
normal (18.5 ≤ BMI < 25), pre-obese (25 ≤ BMI < 30), or 
obese (BMI ≥ 30) [27].

Resilience

Resilience was measured by the 6-item Brief Resilience 
Scale and was categorized as: low (1.00–2.99), normal 
(3.00–4.30), and high (4.31–5.00). The Brief Resil-
ience Scale can be found in Supplementary Appendix (S 
Table 1).

COVID‑19 treatment

COVID-19 treatment was assessed by the question: “Have 
you taken any medications for SARS-Cov-2 infection?” 
together with prompting three treatment categories of ster-
oids, anticoagulation, and anti-infectives. In the present 
analysis, we merged corticosteroids, steroids (> 0.5 mg/kg 
prednisone equivalents) and steroids (≤ 0.5 mg/kg pred-
nisone equivalents) into one variable “steroids”.

Comorbidities

Comorbidities were self-reported physician-diagnosed 
diseases. (Detailed in Table 1).

Statistical analysis

Mean, with standard deviation (SD), or median with quar-
tiles were used for the description of continuous variables. 
Counts and percentages were used for the description of 
categorical variables.

In the survival analysis, being symptom-free served as 
the event and time to be symptom-free as the time vari-
able. Since < 50% of symptomatic participants were symp-
tom-free at the time of investigation, we reported the Q1 
(25%) time to symptom-free, instead of the median time. 
Kaplan–Meier estimator served to estimate the survival 

function and Kaplan–Meier plots served to visualize the 
survival curves. Log-rank tests were used to test group 
differences in both overall survival curves and in survival 
curves up to 28 days.

Missing data were imputed by Multiple Imputation by 
Chained Equations (MICE) [28], yielding ten imputed 
datasets. Imputation was based on age, sex, educational 
level, living status, smoking, alcohol consumption, symp-
tom burden during acute infection, BMI, COVID-19 treat-
ment during acute infection, chronic liver disease, chronic 
rheumatologic/immunologic disease, tumor/cancer dis-
ease, chronic neurological disease, lung disease, ear, nose 
and throat (ENT) disease, cardiovascular disease, and dia-
betes. The final model was combined with Rubin’s rules, 
calculating final coefficient as the mean of coefficients 
estimated from imputed datasets and calculating the vari-
ance of estimated coefficients by factoring in the within 
and between imputation variance [29].

We applied a stratified Cox proportional hazard regres-
sion model to explore the factors predicting prolonged time 
to symptom-free after infection. Proportional hazard (PH) 
assumption was assessed with the Schoenfeld test [30]. 
Predictors violating the PH assumption were included as a 
stratified parameter in the multivariable Cox model [30]. By 
including a variable as a stratified parameter, the stratified 
Cox proportional hazard model sets a different baseline haz-
ard corresponding to each stratum as defined by the variable, 
and then estimates common coefficients for the remaining 
explanatory variables except for the stratified variable, thus 
providing hazard ratios controlled for the effect of the strati-
fication variable, but not for the stratification variable itself 
[30]. Symptom burden and hospitalization both violated the 
PH assumption and both are closely related to unmeasured 
disease severity during the acute infection phase. Since only 
75 (6.4%) of all patients were hospitalized, we decided to 
only include symptom burden as a stratification parameter 
and analyzed the effect of hospitalization in a separate sen-
sitivity analysis (see below). A Generalized Variance Infla-
tion Factor (GVIF) was used to check for multicollinearity 
among covariates, GVIF1/(2*Df) of ≥ 5 was considered indic-
ative of collinearity [31]. Stepwise variable selection was 
conducted, selecting the model with the smallest Akaike 
information criterion. To assess the linearity assumption, 
we plotted the Martingale residuals against covariates. The 
adjusted hazard ratios (aHRs) were used to describe the 
hazard of becoming symptom-free, with aHR < 1 indicat-
ing a longer time to symptom free. A multivariate Wald test 
was used to assess the overall significance of difference for 
categorical variables with more than three categories. The 
concordance index (C-index) was used to measure the good-
ness-of-fit of the fitted models with ten imputed datasets; 
it measures the agreement between observed survival and 
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Table 1   Characteristics of the 
final sample and asymptomatic 
participants

Characteristics n (%) P value

Symptomatic partici-
pants (n = 1175)

Asymptomatic par-
ticipants (n = 108)

Age (years) < 0.001*
< 49 589 (50.1) 48 (44.4)
49–59 346 (29.4) 27 (25.0)
≥ 60 236 (20.1) 26 (24.1)
Missings 4 (0.3) 7 (6.5)
Sex 0.0538
Female 659 (56.1) 48 (44.4)
Male 515 (43.8) 60 (55.6)
Missings 1 (0.1) 0 (0.0)
Nationality < 0.001*
German 1143 (97.3) 63 (58.3)
Non-German 29 (2.5) 4 (3.7)
Missings 3 (0.3) 41 (38.0)
Educational level < 0.001*
University entrance certificate 665 (56.6) 33 (30.6)
Lower education 498 (42.4) 32 (29.6)
Missings 12 (1.0) 43 (39.8)
Living status < 0.001*
Living with a partner 820 (69.8) 46 (42.6)
No partner/not living with a partner 287 (24.4) 19 (17.6)
Missings 68 (5.8) 43 (39.8)
Smoking status < 0.001*
Current-smokers 143 (12.2) 11 (10.2)
Ex-smokers 436 (37.1) 18 (16.7)
Non-smokers 587 (50.0) 32 (29.6)
Missings 9 (0.8) 47 (43.5)
Alcohol consumption 0.4274
Abstainer 101 (8.6) 12 (11.1)
Low-risk alcohol consumption 605 (51.5) 49 (45.4)
Risky alcohol consumption 147 (12.5) 18 (16.7)
Missings 322 (27.4) 29 (26.9)
Hospitalization during acute infection 0.8953
Hospitalized 75 (6.4) 6 (5.6)
Non-hospitalized 1100 (93.6) 102 (94.4)
Symptom burden during acute infection < 0.001*
No symptom 0 (0.0) 108 (100.0)
1–5 symptoms 200 (17.0) 0 (0.0)
≥ 6 symptoms 975 (83.0) 0 (0.0)
Body mass index 0.7529
Normal 465 (39.6) 38 (35.2)
Obese 282 (24.0) 29 (26.9)
Pre-obese 416 (35.4) 41 (38.0)
Underweight 10 (0.9) 0 (0.0)
Missings 2 (0.2) 0 (0.0)
Resilience 0.0523
Low resilience 212 (18.0) 14 (13.0)
Normal resilience 690 (58.7) 58 (53.7)
High resilience 163 (13.9) 18 (16.7)
Missings 110 (9.4) 18 (16.7)
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predicted survival, with a value of 0.5 representing a random 
prediction and a value of 1.0 representing the best possible 
model prediction [32].

The threshold for statistical significance was set to 0.05. 
Since this was an exploratory study, no correction for mul-
tiple testing was applied. We used R (version 4.1.1) with 
the dplyr, survival, car, MASS, and mice packages for all 
statistical analyses. MS Office and R were used to create 
figures.

Sensitivity analyses

To evaluate the robustness of the final model, we con-
ducted separate Cox proportional hazard models for each 
potential risk factor adjusted for age and sex. To investi-
gate the effect of hospitalization on time to symptom-free 
we conducted three separate models: the first model only 
for patients having been hospitalized during acute infec-
tion, the second model for patients not having been hospi-
talized, and the third model including hospitalization with 
two different effect estimates, one for the effect in the first 
four weeks and one afterwards.

P value: Pearson χ2 test (or Fisher exact test if expected n < 5)
*P < 0.05

Table 1   (continued) Characteristics n (%) P value

Symptomatic partici-
pants (n = 1175)

Asymptomatic par-
ticipants (n = 108)

COVID-19 treatment
Treated with medication 641 (54.6) 29 (26.9) < 0.001*
Antipyretics 540 (46.0) 24 (22.2) < 0.001*
 Missings 17 (1.4) 3 (2.8)

Steroids 20 (1.7) 0 (0.0) 0.2738
 Missings 13 (1.1) 2 (1.9)

Anticoagulation 64 (5.4) 3 (2.8) 0.3199
 Missings 13 (1.1) 2 (1.9)

Anti-infectives 49 (4.2) 3 (2.8) 0.6167
Comorbidities
Number of comorbidities 0.5658
 0 403 (34.3) 40 (37.0)
 1 364 (31.0) 36 (33.3)
 ≥ 2 408 (34.7) 32 (29.6)

Chronic liver disease 116 (9.9) 11 (10.2) 0.3305
 Missings 117 (10.0) 6 (5.6)

Chronic rheumatologic/immunologic disease 104 (8.9) 7 (6.5) 0.6454
 Missings 16 (1.4) 2 (1.9)

Tumor/cancer disease 21 (1.8) 2 (1.9) 1.0000
 Missings 4 (0.3) 0 (0.0)

Chronic neurological disease 307 (26.1) 23 (21.3) 0.1306
 Missings 12 (1.0) 3 (2.8)

Lung disease 226 (19.2) 16 (14.8) 0.0165*
 Missings 13 (1.1) 5 (4.6)

Ear, nose and throat disease 290 (24.7) 23 (21.3) 0.1650
 Missings 24 (2.0) 5 (4.6)

Cardiovascular disease 346 (29.4) 30 (27.8) 0.0368*
 Missings 14 (1.2) 5 (4.6)

Diabetes 46 (3.9) 5 (4.6) < 0.001*
 Missings 5 (0.4) 47 (43.5)

Current symptoms
Symptom-free 539 (45.9)
Persistent symptoms 636 (54.1)
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Results

Study participants

Data from 1441 COVIDOM/NAPKON-POP participants 
were available, including 1126 from Kiel, 208 from Würz-
burg, and 107 from Berlin. After excluding 90 cases with a 
time between PCR test and survey of < 6 months, and one 
case with an implausible PCR test date, 1350 participants 
were eligible for the present analysis. Of these, 108 par-
ticipants had been asymptomatic during the acute phase, 
information on the current symptom status or the time to 
symptom-free of another 67 participants were missing. They 
were thus excluded from the analyses, resulting in a final 
sample of 1175 participants (Fig. 2).

Mean time since the onset of infection for 1175 par-
ticipants was 280 days (SD 68). 54.1% of initially symp-
tomatic participants continued to experience symptoms. 
Sex, BMI, resilience and most comorbidities of sympto-
matic participants were comparable to asymptomatic par-
ticipants, whereas age, nationality, educational level, living 
status, smoking status, and COVID-19 treatment were not 
(Table 1).

Persistent COVID‑19‑related symptoms

At the time of survey, 22 of 23 different symptoms from 
the acute phase were still persistent: anosmia (19.3%), 
dyspnea (18.9%), fatigue (14.1%), and ageusia (13.8%) 
were the most common persisting symptoms. Muscle 
pain, headache, limb pain, dizziness, disturbances of 
consciousness/confusion, chest pain, and cough were 
reported by > 5% of participants each. Over 40% of par-
ticipants had suffered from sore throat, fever, chills, and 
a runny nose during acute infection, while only < 5% 
reported these symptoms at the time of the survey, respec-
tively (Fig. 1).

Time to symptom‑free

Figure 3 and Table 2 summarize the observed bivariate dif-
ferences in symptom persistence. Q1 time to symptom-free 
was 18 days [quartiles: 14 days, 21 days]. 405 (34.5%) par-
ticipants had become symptom-free during the first 28 days 
since symptom onset, and only slow symptom resolution 
was seen afterwards. Time to symptom-free differed accord-
ing to age, sex, educational level, living status, alcohol con-
sumption, hospitalization during acute infection, symptom 
burden during acute infection, BMI, resilience, steroid treat-
ment during acute infection, chronic liver disease, chronic 
rheumatologic/immunologic disease, chronic neurological 

Fig. 2   Study profile
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Table 2   Time to symptom-free status in patients stratified by patient characteristics (N = 1175)

Characteristics Q1 time to 
symptom-free 
status

95% confi-
dence interval

% of symptom-free patients 
9 months after infection

Difference in survival 
curves**

Whole obser-
vation time

First 28 days

Age
< 49 14 [14; 15] 52.3 < 0.001* < 0.001*
49–59 28 [21; 42] 37.6
≥ 60 20 [14; 28] 42.4
Sex
Female 21 [18; 28] 41.1 < 0.001* 0.0010*
Male 14 [14; 18] 51.8
Educational level
University entrance certificate 14 [14; 28] 52.0 < 0.001* 0.0003*
Lower education 21 [21; 35] 37.3
Living status
Living with a partner 21 [14; 21] 44.5 0.0295* 0.0972
No partner/Not living with a partner 14 [14; 20] 51.6
Smoking status
Current-smokers 17 [14; 42] 45.5 0.1584 0.0082*
Ex-smokers 21 [20; 28] 43.3
Non-smokers 14 [14; 18] 48.0
Alcohol consumption
Abstainer 21 [18; NA] 32.7 0.0102* 0.0946
Low-risk alcohol consumption 17 [14; 21] 46.3
Risky alcohol consumption 14 [14; 21] 53.7
Hospitalization during acute infection
Hospitalized 150 [42; NA] 29.3 < 0.001* < 0.001*
Non-hospitalized 14 [14; 21] 47.0
Symptom burden during acute infection
1–5 symptoms 7 [6; 10] 66.5 < 0.001* < 0.001*
≥ 6 symptoms 21 [21; 28] 41.6
BMI
Normal 14 [14; 21] 49.0 0.0037* 0.0648
Obese 21 [18; 60] 36.5
Pre-obese 19 [14; 21] 48.1
Underweight 10 [7; NA] 60.0
Resilience
Low resilience 38 [21; 90] 34.4 < 0.001* < 0.001*
Normal resilience 17 [14; 21] 47.4
High resilience 14 [10; 18] 54.6
Treated with medication
Yes 20 [14; 21] 46.6 0.8998 0.6708
No 14 [14; 21] 44.9
Steroids
Yes NA [NA; NA] 10.0 0.0040* 0.0107*
No 17 [14; 21] 46.6
Anticoagulation
Yes 49 [21; NA] 37.5 0.1005 0.0145*
No 17 [14; 21] 46.4
Anti-infectives
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disease, lung disease, and cardiovascular disease. Similar 
results were obtained when testing for group differences in 
survival curves up to 28 days, except for living status, smok-
ing status, alcohol consumption, BMI, anticoagulation treat-
ment and lung disease.

Prognostic analyses

Symptom burden during acute infection was included as a 
stratification variable in the final model because it violated 
the PH assumption. All GVIF were smaller than 5. Other 
variables included in the final model were age, sex, educa-
tional level, living status, alcohol consumption, BMI, resil-
ience, COVID-19 medication and steroid treatment during 
acute infection, chronic liver disease, chronic rheumatologic/
immunologic disease, and chronic neurological disease. The 

concordance indices of the ten fitted models ranged between 
0.6305 and 0.6401.

Patients aged 49–59  years had a 30% lower hazard 
of becoming symptom-free than those aged < 49  years 
(aHR 0.70, 95% CI 0.56–0.87), while the hazard for 
patients ≥ 60 years did not differ from that < 49 years. Pro-
longed time to recovery was also seen in women (aHR 0.78, 
95% CI 0.65–0.93), and patients with lower educational 
level (aHR 0.77, 95% CI 0.64–0.93), or living with a part-
ner (aHR 0.81, 95% CI 0.66–0.99), or with low resilience 
(aHR 0.65, 95% CI 0.47–0.90). Steroid treatment (aHR 0.22, 
95% CI 0.05–0.90) and no medication (aHR 0.74, 95% CI 
0.62–0.89) during acute infection also increased time to 
symptom-free (Table 3).

Age and sex-adjusted coefficients for each potential 
risk factor can be found in the Supplementary Appendix 

Q1: first quartile; number of days until 25% of participants became symptom-free
*P < 0.05
**P-values were the result of the respective log-rank tests

Table 2   (continued)

Characteristics Q1 time to 
symptom-free 
status

95% confi-
dence interval

% of symptom-free patients 
9 months after infection

Difference in survival 
curves**

Whole obser-
vation time

First 28 days

Yes 30 [21; 180] 42.9 0.4359 0.1079

No 17 [14; 21] 46.0
Chronic liver disease
Yes 32.5 [21; NA] 32.8 0.0055* 0.0113*
No 14 [14; 21] 46.0
Chronic rheumatologic/immunologic disease
Yes 51 [21; NA] 33.7 0.0051* 0.0026*
No 14 [14; 21] 47.3
Tumor/cancer diseases
Yes 28 [10; NA] 47.6 0.9996 0.5793
No 18 [14; 21] 45.8
Chronic neurological disease
Yes 28 [21; 90] 35.2 < 0.001* < 0.001*
No 14 [14; 20] 49.5
Lung disease
Yes 21 [18; 28] 38.9 0.0332* 0.2364
No 14 [14; 21] 47.3
ENT disease
Yes 21 [14; 28] 43.1 0.2100 0.4942
No 17 [14; 21] 47.4
Cardiovascular disease
Yes 21 [21; 28] 39.0 0.0019* 0.0323*
No 14 [14; 20] 48.7
Diabetes
Yes 30 [14; NA] 34.8 0.1553 0.1516
No 18 [14; 21] 46.3
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(S Table 2). Cox proportional hazard models for hospi-
talized patients and non-hospitalized patients, together 
with time-varying effect estimates of hospitalization can 
be found in the Supplementary Appendix (S Table 3–5). 

Non-hospitalized patients were more likely to become 
symptom-free in the first four weeks (aHR 2.42, 95% CI 
1.28–4.59). No significant differences were found after this 
time period.

Table 3   Risk factors predicting prolonged time to symptom-free status in COVID-19 patients stratified by symptom burden during acute infec-
tion (N = 1175, stratified Cox proportional hazard model)

Overall P value: multivariate Wald test
*P < 0.05

Covariates Adjusted hazard ratio 95% confidence 
interval

P value Overall P value

Age
< 49 Reference 0.0053*
49–59 0.70 [0.56; 0.87] 0.0013*
≥ 60 0.92 [0.72; 1.17] 0.4857
Sex
Male Reference NA
Female 0.78 [0.65; 0.93] 0.0073*
Educational level
University entrance certificate Reference NA
Lower education 0.77 [0.64; 0.93] 0.0062*
Living status
No partner/not living with a partner Reference NA
Living with a partner 0.81 [0.66; 0.99] 0.0382*
Alcohol consumption
Abstainer Reference 0.1851
Low-risk alcohol consumption 1.31 [0.94; 1.81] 0.1102
Risky alcohol consumption 1.41 [0.98; 2.04] 0.0687
Body Mass Index
Normal Reference 0.1596
Underweight 1.40 [0.61; 3.17] 0.4259
Pre-obese 1.04 [0.85; 1.27] 0.7237
Obese 0.80 [0.63; 1.03] 0.0826
Resilience
High resilience Reference 0.0327*
Normal resilience 0.83 [0.65; 1.05] 0.1281
Low resilience 0.65 [0.47; 0.90] 0.0090*
Treated with medication
Yes Reference NA
No 0.74 [0.62; 0.89] 0.0013*
Steroid treatment
No Reference NA
Yes 0.22 [0.05; 0.90] 0.0357*
Chronic liver disease
No Reference NA
Yes 0.81 [0.58; 1.15] 0.2385
Chronic rheumatologic/immunologic disease
No Reference NA
Yes 0.71 [0.50; 1.00] 0.0512
Chronic neurological disease
No Reference NA
Yes 0.80 [0.64; 1.00] 0.0522
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Discussion

Main findings

We used data from a large population-based multicenter 
study for the retrospective analysis of the duration of, and 
risk factors for a prolonged recovery from acute SARS-
CoV-2 infection. While 65.5% of included participants 
reported to still have symptoms 28 days after infection, 
over half of the symptomatic participants (54.1%) expe-
rienced at least one persisting symptom about 9 months 
post-infection. 22 of 23 different symptoms during 
the acute phase except for vomiting persisted beyond 
9 months, with anosmia, dyspnea, ageusia, and fatigue 
being the most frequent ones. We found that female sex, 
age between 49 and 59 years, lower educational level, liv-
ing with a partner, low resilience, steroid treatment and 
no medication during acute infection were associated with 
prolonged time to symptom-free, and being hospitalized 
was associated with prolonged time only in the first four 
weeks.

Study findings in context

We found that COVID-19-related symptoms rapidly 
resolved at the beginning but only incremental improve-
ment was seen beyond 28 days. A former study also dem-
onstrated that symptom load at 1.5 to 6 months was not 
associated with the length of time since symptom onset, 
suggesting that improvement in symptoms primarily 
occurred during the first few weeks after infection [12]. 
Furthermore, most subgroup differences in time to symp-
tom-free occurred within 28 days after symptom onset in 
our study.

The most prevalent symptoms including anosmia, dysp-
nea, ageusia, and fatigue corresponded to those reported in 
a study of non-hospitalized individuals and another one of 
patients with mild or moderate symptoms [12, 16]. Long 
persistence of symptoms is worrying because persisting 
COVID-19 symptoms are associated with poor health-
related quality of life (HRQOL) [9, 33]. Even though the 
present analysis did not differentiate symptoms according 
to their severity or their impact on daily life or HRQOL, 
our previous analysis of COVIDOM/NAPKON-POP 
data [9] revealed that different symptoms have a differ-
ent impact on the severity of PCS and, consequently, on 
HRQOL. Therefore, learning more about symptom per-
sistence and symptom resolution is of utmost clinical 
relevance.

Our study identified several risk factors for prolonged 
symptom persistence. An age between 49 and 59 years, 

being female, lower education, living with a partner, low 
resilience, steroid treatment, and no medication during 
acute infection were factors that predicted longer symptom 
persistence. Some of these factors like age are in line with 
previous studies [21, 34], although the inverse U-shaped 
association of age with risk might seem surprising. How-
ever, similar results were obtained from 10 longitudinal 
studies in the UK, with the highest risk noted in the middle 
age categories, i.e. 45–54 and 55–69 years [20]. Arguably, 
this might be attributable to competing mortality risks or 
erroneous attribution of symptoms to other causes in older 
age [20]. On the other hand, we cannot exclude that par-
ticipants’ differential recall might also have been deter-
mined by some of the risk factors in question, especially 
age, resilience, and education. Hence, the identified pre-
dictors still require confirmation by independent longitudi-
nal studies. Consistent with most previous studies [21, 23, 
35, 36], we found that female patients were less likely to 
recover quickly from symptoms than male patients. In con-
trast to our results, a Swedish study found that the female 
sex was protective for Long COVID-related sick leave, but 
only in a subgroup of hospitalized patients [37]. Patients 
with lower education are more likely to have physically 
demanding jobs [38], which might have influenced their 
recovery from symptoms. The effect of living status might 
be due to recall bias since patients living with a partner 
might have discussed their symptoms more frequently with 
their partner, as compared to patients without a partner or 
not living with a partner. This might result in differential 
reporting of symptoms in patients without a partner or 
not living with a partner, thus the observed effect should 
be interpreted with caution. Moreover, it may be specu-
lated that constant exposure to a partner’s infection might 
have increased virus load. In our previous study [9], we 
found low resilience and strong acute disease severity to 
be risk factors for severe PCS. Similarly, patients with 
more severe acute COVID-19 were also reported to show 
prolonged symptoms [39]. Likewise, steroid treatment 
might be an indicator of disease severity that results in 
prolonged symptoms. Although it has been shown that 
inhaled corticosteroid treatment improved symptom reso-
lution in COVID-19 patients [40], a meta-analysis demon-
strated an association between corticosteroid therapy and 
increased length of stay, although this finding was only 
based on subgroup analysis in three randomized controlled 
trials [41].

Strengths and limitations

A major strength of our study is that we reported a popula-
tion-based estimate of the status and duration of symptoms 
drawing upon data from over 1100 COVID-19 patients with 
an average follow-up of 9 months.
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There are some limitations. First and foremost, our use of 
the COVIDOM/NAPKON-POP time-to-recovery data had to 
be retrospective in nature because the study did not collect 
symptoms prospectively starting from infection. Since this 
might have been subject to recall bias, factors affecting the 
precision of the derived time-to-recovery data might have 
confounded some of the relationships between the latter and 
potential predictors. However, it is also likely that patients 
remember the time course well even after recovery. Second, 
as this study is not a representative sample of the total popu-
lation, selection bias must be taken into account. It has to 
be mentioned that selection and differential response could 
have biased the estimates of the prevalence and persistence 
of symptoms. However, given the nature of the cooperation 
with the local health authorities, we are confident that the 
COVIDOM/NAPKON-POP sample is a valid representation 
of the infected population at the given time in the respec-
tive regions. Third, symptom status was collected by self-
report, asking participants about COVID-19-related symp-
toms. However, we cannot rule out the possibility that some 
symptoms were caused by other respiratory infections. Fur-
thermore, although we assume that most participants would 
not mention a chronic symptom as it is not noticeably related 
to the COVID-19 disease, future studies should evaluate the 
presence of symptoms before COVID-19 and their poten-
tial aggravation because of COVID-19. Fourth, long-term 
symptom status of initially asymptomatic patients was not 
evaluated. It is still unknown whether this group developed 
new symptoms after acute infection. Third, patients included 
in COVIDOM/NAPKON study probably mainly had SARS-
CoV-2 wild type or alpha variant infection with a higher 
burden of symptoms than later variants. Future analyses of 
the cohort population from 2022 will evaluate how compa-
rable symptom persistence after the omicron variant is to 
our present findings. Finally, the study does not include a 
control group, which makes it difficult to know whether the 
reported symptoms can indeed be attributed to SARS-CoV-2 
infection.

Conclusions

Over half of the participants reported COVID-19-related 
symptoms 9 months after infection. Many patients expe-
rienced rapid recovery, but prolonged recovery was also 
seen particularly among those characterized by middle 
age, female sex, lower educational level, living with a part-
ner, low resilience, and without medication during acute 
infection.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s15010-​023-​02043-6.
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SUPPLEMENTARY DATA 

S Table1 Brief Resilience Score 

Item 

1. I tend to bounce back quickly after hard times. 

2. I have a hard time making it through stressful events. (R)  

3. It does not take me long to recover from a stressful event. 

4. It is hard for me to snap back when something bad happens. (R)  

5. I usually come through difficult times with little trouble.  

6. I tend to take a long time to get over set-backs in my life. (R) 

R = reverse coded items 

Response options: 1 = strongly disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree. 
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S Table 2 Risk factors predicting prolonged time to symptom-free status in COVID-19 patients 

(N=1175, separate Cox proportional hazard models for each risk factor adjusted for age and 

sex) 

Covariates 
Adjusted 

hazard ratio 

95% 

confidence 

interval 

P value 

Educational level    

University entrance certificate Reference   

Lower education 0.70 [0.58; 0.84] 0.0002* 

Living status    

No partner/Not living with a partner  Reference   

Living with a partner 0.85 [0.69; 1.03] 0.1024 

Smoking status    

Current-smokers Reference   

Ex-smokers 1.04 [0.78; 1.39] 0.7860 

Non-smokers 1.24 [0.95; 1.63] 0.1205 

Alcohol consumption    

Abstainer Reference   

Low-risk alcohol consumption 1.40 [1.00; 1.96] 0.0493* 

Risky alcohol consumption 1.58 [1.08; 2.30] 0.0186* 

Body Mass Index    

Normal Reference   

Underweight 1.22 [0.54; 2.74] 0.6347 

Pre-obese 0.97 [0.80; 1.18] 0.7674 

Obese 0.69 [0.54; 0.87] 0.0019* 

Resilience    

High resilience Reference   

Normal resilience 0.77 [0.61; 0.98] 0.0342* 

Low resilience  0.56 [0.42; 0.76] 0.0003* 

Treated with medication    

Yes Reference   

No 0.92 [0.78; 1.10] 0.3579 

Steroid treatment    

No  Reference   

Yes 0.20 [0.05; 0.82] 0.0253* 

Anticoagulation    

No Reference   

Yes 0.74 [0.49; 1.12] 0.1591 
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Anti-infectives    

No  Reference   

Yes 0.94 [0.60; 1.45] 0.7717 

Chronic liver disease    

No  Reference   

Yes 0.67 [0.48; 0.94] 0.0199* 

Chronic rheumatologic/immunologic disease    

No  Reference   

Yes 0.68 [0.48; 0.96] 0.0297* 

Tumor/cancer diseases    

No  Reference   

Yes 1.16 [0.62; 2.18] 0.6512 

Chronic neurological disease    

No  Reference   

Yes 0.69 [0.56; 0.85] 0.0006* 

Lung disease    

No  Reference   

Yes 0.80 [0.63; 1.01] 0.0587 

ENT disease    

No  Reference   

Yes 0.94 [0.77; 1.15] 0.5403 

Cardiovascular disease    

No  Reference   

Yes 0.80 [0.64; 1.00] 0.0468* 

Diabetes    

No  Reference   

Yes 0.77 [0.47; 1.27] 0.2998 

Note: Age and sex adjusted coefficients for symptom burden during acute infection and hospitalization during acute infection 

were not presented due to violation of proportional hazard assumption.  

* P < 0.05. 
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S Table 3 Risk factors predicting prolonged time to symptom-free status in hospitalized  

COVID-19 patients (N=75, Cox proportional hazard model) 

Covariates 
Adjusted 

hazard ratio 

95% 

confidence 

interval 

P value 

Alcohol consumption    

Abstainer Reference   

Low-risk alcohol consumption 2.90 [0.63; 13.30] 0.1944 

Risky alcohol consumption 3.76 [0.71; 19.86] 0.1429 

Symptom burden during acute infection    

1-5 symptoms  Reference   

≥6 symptoms 0.09 [0.03; 0.32] 0.0020* 

Treated with medication    

Yes Reference   

No 0.27 [0.08; 0.88] 0.0459* 

Chronic rheumatologic/immunologic disease    

No  Reference   

Yes 0.32 [0.07; 1.48] 0.1656 

* P < 0.05. 

 

 

S Table 4 Risk factors predicting prolonged time to symptom-free status in non-hospitalized 

COVID-19 patients stratified by symptom burden during acute infection (N=1100, stratified Cox 

proportional hazard model) 

Covariates 
Adjusted 

hazard ratio 

95% 

confidence 

interval 

P value 

Age    

<49 Reference   

49-59 0.71 [0.57; 0.88] 0.0022* 

≥60 1.00 [0.77; 1.28] 0.9821 

Sex    

Male  Reference   

Female 0.78 [0.65; 0.94] 0.0078* 

Educational level    

University entrance certificate Reference   

Lower education 0.74 [0.61; 0.89] 0.0018* 
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Living status    

No partner/Not living with a partner  Reference   

Living with a partner 0.82 [0.66; 1.00] 0.0512 

Alcohol consumption    

Abstainer Reference   

Low-risk alcohol consumption 1.26 [0.85; 1.86] 0.2501 

Risky alcohol consumption 1.35 [0.89; 2.04] 0.1569 

Resilience    

High resilience Reference   

Normal resilience 0.86 [0.68; 1.10] 0.2229 

Low resilience  0.64 [0.46; 0.89] 0.0089* 

Treated with medication    

Yes Reference   

No 0.76 [0.63; 0.92] 0.0039* 

Steroid treatment    

No  Reference   

Yes 0.20 [0.03; 1.43] 0.1094 

Chronic liver disease    

No  Reference   

Yes 0.79 [0.55; 1.11] 0.1755 

Chronic rheumatologic/immunologic disease    

No  Reference   

Yes 0.71 [0.50; 1.02] 0.0661 

Chronic neurological disease    

No  Reference   

Yes 0.80 [0.64; 1.01] 0.0594 

* P < 0.05. 
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S Table 5 Effect of hospitalization on COVID-19 patients stratified by symptom burden during 

acute infection (N=1175, stratified Cox proportional hazard model). The model is adjusted for 

age, sex, educational level, living status, alcohol consumption, BMI, resilience, COVID-19 

medication, steroid treatment, chronic liver disease, chronic rheumatologic/immunologic 

disease, and chronic neurological disease. 

Covariates 
Adjusted 

hazard ratio 

95% 

confidence 

interval 

P value 

Hospitalization during acute infection    

Hospitalized  Reference   

Non-hospitalized : first four weeks 2.42 [1.28; 4.59] 0.007* 

Non-hospitalized : after four weeks 0.79 [0.42; 1.48] 0.457 

* P < 0.05. 
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