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a b s t r a c t 

Objectives: Long COVID comprises heterogeneous symptoms that may persist for months to years after 

acute SARS-CoV-2 infection. While prevalence is well described, less is known about symptom duration 

and determinants of recovery. 

Methods: We conducted a multicenter longitudinal cohort study across 12 institutions in Korea (Decem- 

ber 2022-March 2025), enrolling adults with confirmed infection and uninfected controls. Participants 

were followed for up to 22 months with repeated assessments of symptoms, vaccination, and comor- 

bidities. Eight common symptoms were analyzed. Time to resolution was estimated using Kaplan–Meier 

methods and log-normal accelerated failure time models, adjusting for demographic and clinical factors. 

Results are reported as time ratios (TRs). 

Results: Among 757 infected participants and 558 controls, respiratory and physical symptoms resolved 

similarly between groups, whereas systemic and neurological symptoms persisted longer in infected in- 

dividuals. At one year, 20-25% reported fatigue and 15-20% sleep disturbance versus ∼10% and ∼5% in 

controls. Infection was associated with ∼50% longer duration of fatigue and sleep disturbance. Individu- 

als aged 40-59 recovered more slowly; other factors showed minimal associations. 

Conclusion: Persistent long COVID burden is driven by systemic neuro-related symptoms, highlighting the 

need for targeted, symptom-specific management strategies. 

© 2026 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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The COVID-19 pandemic has evolved from an acute public 

ealth crisis into a complex challenge characterized by persistent 

ost-acute sequelae, commonly known as long COVID or post- 

cute sequelae of SARS-CoV-2 infection (PASC) [ 1 , 2 ]. While ini- 

ial research focused on acute disease management and mortal- 

ty prevention, accumulating evidence reveals that a substantial 

roportion of infected individuals experience prolonged symptoms 

x10ding weeks, months, or even years beyond the initial infec- 

ion [ 3–5 ]. These persistent manifestations affect multiple organ 

ystems and significantly impact quality of life, functional capac- 

ty, and healthcare utilization [ 6 ]. 
∗ Corresponding author. 
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Long COVID encompasses a heterogeneous constellation of 

ymptoms, including fatigue, cognitive impairment, respiratory dif- 

culties, musculoskeletal complaints, and neuropsychiatric mani- 

estations. Despite extensive descriptive literature documenting the 

revalence and types of long-COVID symptoms, substantial gaps 

emain in our understanding of symptom duration and the factors 

hat influence recovery trajectories [ 6 , 7 ]. Current estimates suggest 

hat 10-30% of COVID-19 survivors eFxperience at least one symp- 

om lasting beyond 12 weeks, though prevalence varies consider- 

bly across studies due to differences in case definitions, follow- 

p duration, and population characteristics [ 3 , 5 , 8 , 9 ]. The patho-

hysiology of long COVID remains incompletely understood, but 

isk factors for symptom persistence have been consistently iden- 

ified [ 7 , 10 ]. Female sex, older age, obesity, pre-existing comor- 

idities (such as diabetes, hypertension, asthma, and cancer), and 

reater severity of acute illness are associated with increased risk 

nd longer duration of symptoms. Notably, the number and type of 
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ymptoms during the acute phase are predictive of prolonged re- 

overy, with fatigue and cognitive symptoms among the most per- 

istent [ 1 ]. The impact of vaccination and other behavioral factors 

emains an area of ongoing investigation. Understanding the natu- 

al history and determinants of symptom resolution is critical for 

linical management, resource allocation, and public health plan- 

ing as healthcare systems worldwide grapple with the growing 

urden of post-COVID care [ 11 , 12 ]. 

This study addresses these gaps by applying log-normal Ac- 

elerated Failure Time (AFT) models to a large prospective cohort 

ith detailed longitudinal follow-up data. We analyze eight preva- 

ent long-COVID symptoms—fatigue, cough, sputum production, 

hinorrhea/throat symptoms, sleep disturbance, weakness, arthri- 

is, and low concentration—to characterize their natural resolution 

atterns and identify demographic, clinical, and infection-related 

eterminants of symptom duration. Our objectives are (1) to quan- 

ify the duration of major long-COVID symptoms and compare res- 

lution patterns across the infection status; and (2) to identify 

emographic, behavioral, and clinical factors associated with pro- 

onged symptom persistence using AFT modeling. The findings will 

nform clinical prognosis, identify high-risk populations requiring 

argeted interventions, and contribute to evidence-based guidelines 

or long-COVID management and surveillance. 

ethods 

Study Design and Participant Selection This prospective and 

etrospective cohort study was conducted across 12 hospitals in 

orea between December 2022 and March 2025 to investigate 

ong-term COVID-19 sequelae. The study enrolled 8761 adults who 

rovided written informed consent, initially comprising 7208 in- 

ected individuals and 1553 uninfected controls. Controls were 

onfirmed negative for SARS-CoV-2 N-protein antigen at enroll- 

ent and were followed up at 1, 3, and 6 months. If they were

nfected during the follow-up period, they were excluded from 

he control cohort. Infected participants were confirmed via PCR 

r rapid antigen testing at healthcare facilities (excluding self-test 

its) and assessed at 1, 3, and 6 months. Because our objective was 

o estimate symptom duration following infection, we excluded 

articipants whose most recent infection occurred more than 1 

onth before any visit to minimize left-censoring and selection 

ias and balance follow-up time with controls. The primary ex- 

osure was SARS-CoV-2 infection; Accordingly, the index date for 

he infection group was defined as the date of the most recent 

nfection prior to any visits, while for controls, it was defined as 

he first study visit, corresponding to the N-protein test date at 

nrollment. This selection process resulted in a final analytic co- 

ort of 757 infected and 558 uninfected participants with follow- 

p extending up to 22 months ( Figure 1 ). Comprehensive data col- 

ection included demographics, Charlson Comorbidity Index (CCI) 

cores, 56 laboratory results, 29 self-reported symptoms, and men- 

al health assessment results. More detailed information on study 

rocedures, the data collection process, and the full list of survey 

nd laboratory variables is described elsewhere [ 13 ]. 

Outcome measures. The primary outcome was symptom dura- 

ion. Because some symptoms were infrequent and unsuitable for 

table modeling, analyses were restricted to the eight most preva- 

ent symptoms with a prevalence > 20% among infected partici- 

ants: fatigue, sleep disturbance, cough, sputum, weakness, rhin- 

rrhea/throat symptoms, low concentration, and arthritis. This re- 

triction ensured adequate event counts and clinically meaningful 

stimates while minimizing sparse-data bias. 

Construction of time-to-event variables. For each long-COVID 

ymptom under consideration, a person-level survival record was 

reated. Within each participant, symptom onset was defined as 

he first visit at which the symptom was reported as present 
2

value = 1). Resolution was defined as the first subsequent visit at 

hich the symptom was reported as absent (value = 0). If a symp- 

om remained present through the last available follow-up, the ob- 

ervation was treated as right-censored at the date of the final 

isit. Symptom duration was therefore defined as the number of 

ays between the first recorded presence and the first subsequent 

bsence of the symptom, with unresolved cases right-censored at 

he last follow-up. For each symptom, only participants who had 

ver reported that symptom were included in the analysis. This ap- 

roach ensured that each eligible participant contributed a single 

ime-to-event record for each symptom they experienced, repre- 

enting the interval from the first report of that symptom to its 

esolution or the end of follow-up. Records with non-positive or 

issing duration values (e.g., ≤0 days or invalid dates) were ex- 

luded. 

Statistical analysis. First, to visualize the unadjusted time- 

o-resolution patterns of long-COVID symptoms, we generated 

aplan–Meier (KM) curves for each of the eight selected symp- 

oms. Survival objects were created using the Surv() function, and 

M curves were estimated via the survfit() function in R. Curves 

ere stratified by infection status (infected vs control) and visu- 

lized with 95% confidence intervals, log-rank test P -values, and 

isk tables indicating the number of participants at risk over time. 

lots were produced using the survminer package (ggsurvplot) 

ith standardized axes (days since first symptom) and line style 

solid for control, dashed for infected). 

Second, we applied a log-normal Accelerated Failure Time (AFT) 

odel to estimate factors associated with the duration of long- 

OVID symptoms. The log-normal AFT model was chosen because 

t provides a flexible and interpretable framework for analyzing 

ight-skewed duration data, accommodating long-tailed distribu- 

ions and non-monotonic hazard shapes commonly observed in 

ost-viral recovery. The model was specified as: log (Ti ) = XT 
i 
β + 

εi , where Ti is the symptom duration for the participant i , Xi is 

he vector of covariates, σ > 0 is the scale parameter, and εi fol- 

ows a standard normal distribution. Parameters were estimated 

sing maximum likelihood. Each symptom-specific model included 

he following baseline covariates: 1) Demographics and charac- 

eristics: infection (control as reference), age group 20-39 as ref- 

rence, 40-59, ≥60), sex, BMI category (Normal weight 18.5-22.9 

s reference; Underweight < 18.5; Overweight > 22.9), alcohol use, 

nd smoking status; cumulative number of vaccine doses prior to 

ollow-up and infection indicator; and Charlson Comorbidity Index 

CCI). In the infection-only group models, we additionally included 

he number of prior COVID-19 infections and whether symptoms 

ccurred after COVID-19 onset. Model coefficients were exponen- 

iated and reported as Time Ratios ( T R = eβ ) with corresponding 

5% confidence intervals (CIs). A TR > 1 indicates a longer symp- 

om duration (slower resolution), whereas a TR < 1 indicates a 

horter duration (faster resolution), compared with the reference 

ategory while holding other factors constant. 

Sensitivity analyses. To address baseline differences between 

he infected and control groups, we performed a series of sensi- 

ivity analyses. We estimated propensity scores for infection us- 

ng a logistic model that included age group, sex, BMI cate- 

ory, alcohol use, smoking, Charlson Comorbidity Index, and vac- 

ination, and derived stabilized inverse-probability-of-treatment 

eights (truncated at the 1st and 99th percentiles); covariate bal- 

nce was evaluated using standardized mean differences (SMD; 

SMD| < 0.1 considered adequate). We repeated the Kaplan–Meier 

nd AFT analyses with these weights and additionally (i) compared 

rude, covariate-adjusted, inverse-probability-of-treatment weight- 

ng (IPW)-weighted, and 1:1 propensity-score-matched estimates 

Figures S1-S3); (ii) administratively censored both groups at a 

hared 6- and 12-month window from symptom onset to address 

he longer follow-up of the infected group (Figure S4); (iii) per- 
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Figure 1. Flow diagram of participant enrollment, exclusions, and final analytic cohorts. 
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ormed an age-stratified analysis of fatigue across age bands (20- 

9, 40-59, and ≥60 years), reporting covariate-adjusted and IPW- 

eighted time ratios (Table S1); (iv) examined, within the infected 

roup, whether the period of infection—2024 (JN.1/later) versus 

023 (XBB), used as a proxy for the dominant circulating variant 

iven the absence of individual-level viral sequencing—was asso- 

iated with symptom duration, identified from a per-visit recent- 

nfection indicator (Table S2). All analyses were performed in R 

.3.1. 

esults 

Table 1 summarizes baseline demographic, clinical character- 

stics, and symptom profiles of 757 SARS-CoV-2–infected partici- 

ants and 558 uninfected controls. The infected group was signif- 

cantly older, with a higher proportion aged ≥60 years, and had 

 greater comorbidity burden as reflected by higher CCI scores, 

hile sex distribution and BMI categories were broadly similar be- 

ween groups. Infected participants were less likely to report al- 

ohol use or smoking and had higher vaccination uptake, particu- 

arly receipt of more than three doses. Symptom prevalence dif- 

ered markedly by infection status: Among infected participants, 

atigue was the most frequently reported symptom (63.5% vs 19.7% 

n controls), followed by cough (49.5% vs 7.3%), sputum production 

47.8% vs 9.1%), and rhinorrhea/throat symptoms (37% vs 11.1%). Im- 

ortantly, a large proportion of symptoms in the infected group 

epresented new-onset manifestations following SARS-CoV-2 infec- 

ion rather than pre-existing conditions: Among fatigue was the 
3

ost frequently reported symptom (63.5% vs 19.7% in controls), 

ollowed by cough (49.5% vs 7.3%), sputum production (47.8% vs 

.1%), and rhinorrhea/throat symptoms (37.0% vs 11.1%). Impor- 

antly, a large proportion of symptoms in the infected group rep- 

esented new-onset manifestations following SARS-CoV-2 infection 

ather than pre-existing conditions: Among infected participants, 

0.7% reported new-onset fatigue (accounting for approximately 

4% of all fatigue cases), 42.1% reported cough (85% of all cough 

ases), 37.5% reported sputum (78% of all sputum cases), and 25.4% 

eported rhinorrhea or throat symptoms (69% of all such cases). 

cross all symptom categories, differences between infected and 

ontrol participants were highly statistically significant ( P < 0.001), 

ndicating a pronounced excess burden of both incident and per- 

istent symptoms attributable to SARS-CoV-2 infection rather than 

ackground population symptom prevalence. 

Figure 2 shows Kaplan–Meier estimates of time to symptom 

esolution for eight major COVID-19–related symptoms, compar- 

ng SARS-CoV-2–infected participants with uninfected controls. The 

rude estimates of symptom duration revealed a clear divergence 

cross symptoms: while respiratory and physical symptoms such 

s cough, sputum, and weakness showed rapid resolution rates in- 

istinguishable from controls, systemic sequelae exhibited a sig- 

ificantly protracted course. Specifically, fatigue ( P = 0.0072) and 

leep disturbances ( P = 0.048) persisted at elevated rates in the 

nfected group. At 1 year, approximately 20-25% of infected partic- 

pants still experienced unresolved fatigue, compared with roughly 

0% of controls, and approximately 15-20% reported persistent 

leep disturbances, compared with only ∼5% of controls. These 

rends highlight symptom-specific heterogeneity in post-COVID re- 
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Table 1 

Baseline demographic, clinical characteristics and symptom profiles of study participants by infection status. 

Variable Infected (n = 757) Control (n = 558) Infected 

IPW-weighted 

(n = 757) 

Control 

IPW-weighted 

(n = 555) 

Chi-square test 

Sex Female 500 (66.1%) 385 (69.0%) 510 (67.3%) 376 (67.7%) 0.344 

Male 257 (33.9%) 173 (31.0%) 247 (32.7%) 179 (32.3%) 

Age 20-39 325 (42.9%) 248 (44.4%) 331 (43.7%) 243 (43.8%) < 0.001 ∗∗∗

40-59 230 (30.4%) 246 (44.1%) 274 (36.1%) 203 (36.5%) 

60 + 202 (26.7%) 64 (11.5%) 153 (20.2%) 110 (19.7%) 

BMI Underweight 

( < 18.5) 

329 (43.5%) 273 (48.9%) 348 (45.9%) 257 (46.2%) 0.120 

Normal weight 

(18.5-22.9) 

403 (53.2%) 264 (47.3%) 383 (50.6%) 280 (50.4%) 

Overweight 

( > 22.9) 

25 (3.3%) 21 (3.8%) 26 (3.5%) 19 (3.4%) 

Alcohol (Yes) 293 (38.7%) 272 (48.7%) 430 (56.8%) 313 (56.4%) < 0.001 ∗∗∗

Smoking (Yes) 68 (9.0%) 79 (14.2%) 673 (88.9%) 493 (88.8%) 0.004 ∗∗

Vaccination 0 24 (3.2%) 16 (2.9%) 25 (3.2%) 15 (2.7%) 0.004 ∗∗

1-2 140 (18.5%) 79 (14.2%) 146 (19.3%) 76 (13.7%) 

3 391 (51.7%) 346 (62.0%) 405 (53.5%) 334 (60.1%) 

> 3 202 (26.7%) 117 (21.0%) 182 (24.0%) 131 (23.5%) 

Charlson 

Comorbidity Index 

(CCI) 

None (0) 225 (29.7%) 153 (27.4%) 218 (28.8%) 159 (28.6%) < 0.001 ∗∗∗

Moderate (1-2) 438 (57.9%) 371 (66.5%) 467 (61.7%) 343 (61.7%) 

Severe/High ( ≥3) 94 (12.4%) 34 (6.1%) 72 (9.5%) 54 (9.7%) 

Number of prior 

infections ∗
0 0 (0.0%) 558 (100.0%) NA 555 (100.0%) NA 

1 485 (64.1%) 0 (0.0%) 489 (64.6%) NA 

2 262 (34.6%) 0 (0.0%) 258 (34.1%) NA 

3 10 (1.3%) 0 (0.0%) 9 (1.2%) NA 

Symptoms Total (preexisting) Total 

(new onset) 

Total Total 

(preexisting) 

Total Chi-square test 

Fatigue 481 (63.5%) 308 (40.7%) 110 (19.7%) 484 (63.9%) 110 (19.8%) < 0.001 ∗∗∗

Cough 375 (49.5%) 319 (42.1%) 41 (7.3%) 370 (48.9%) 45 (8.1%) < 0.001 ∗∗∗

Sputum 362 (47.8%) 284 (37.5%) 51 (9.1%) 356 (47.0%) 53 (9.6%) < 0.001 ∗∗∗

Rhinorrhea/throat 280 (37.0%) 192 (25.4%) 62 (11.1%) 277 (36.6%) 65 (11.7%) < 0.001 ∗∗∗

Sleep disturbance 243 (32.1%) 102 (13.5%) 63 (11.3%) 239 (31.6%) 64 (11.5%) < 0.001 ∗∗∗

Weakness 234 (30.9%) 168 (22.2%) 28 (5.0%) 231 (30.5%) 32 (5.8%) < 0.001 ∗∗∗

Arthritis 199 (26.3%) 83 (11.0%) 53 (9.5%) 195 (25.7%) 59 (10.6%) < 0.001 ∗∗∗

Low concentration 198 (26.2%) 140 (18.5%) 25 (4.5%) 197 (26.0%) 29 (5.2%) < 0.001 ∗∗∗

Others† 580 (76.6%) 312 (41.2%) 152 (27.2%) 577 (76.2%) 156 (28.1%) < 0.001 ∗∗∗

Note: † Others in symptoms refers to participants who reported at least one of the following symptoms: fever, chill, myalgia, rash, sore throat, chest pain, dyspnea, palpi- 

tation, cognition disorder, hearing disturbance, loss of appetite, anosmia, ageusia, headache, dizziness, other neurological symptoms, diarrhea, nausea, pain, constipation, 

other gastrointestinal symptoms, or alopecia. The number of prior infections and post-COVID-19 symptom-onset variables were included only in an infection group model. 

Statistical significance: ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001. 

Figure 2. Time to symptom resolution by infection status for major COVID-19–related symptoms. 

4
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Figure 3. Adjusted associations between COVID-19 infection and symptom persistence across demographic and clinical subgroups. 
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overy and underscore that neuro-systemic burdens can linger well 

eyond the acute phase. 

After adjusting for potential confounders—including age, sex, 

MI, comorbidity index, and vaccination status—SARS-CoV-2 in- 

ection remained a significant independent predictor of prolonged 

ymptom duration, particularly for systemic and neurological se- 

uelae. In the total cohort analysis ( Figure 3 , Panel A), infected 

articipants exhibited Time Ratios (TR) significantly greater than 1 

or fatigue (TR: 1.44; 95% CI: 1.09-1.91) and sleep disturbance (TR: 

.47; 95% CI: 1.01-2.16). The infected-versus-control time ratios 

ere consistent across crude, covariate-adjusted, IPW-weighted, 

nd propensity-score-matched analyses (Figure S2). Beyond infec- 

ion status, age emerged as a notable determinant, with partici- 

ants aged 40-59 demonstrating consistently higher Time Ratios 

ompared to the 20-39 reference group in most symptoms, in- 

luding fatigue (TR: 1.41; 95% CI: 1.08-1.84), sleep disturbance (TR: 

.67; 95% CI: 1.16-2.41), and low concentration (TR: 1.65; 95% CI: 

.07-2.53). An age-stratified analysis (Table S1) confirmed that the 

rolonged fatigue was strongest among working-age adults, espe- 

ially those aged 40-59 years (TR: 1.88, 95% CI: 1.18-2.99), com- 

ared with those aged 20-39 (TR: 1.32, 95% CI: 0.88-1.97) or ≥60 

ears (TR: 0.91, 95% CI: 0.45-1.85). In contrast, other covariates, 

uch as sex (Male vs Female), the CCI, and the number of prior 

OVID infections, showed Time Ratios consistently clustering near 

.0 with narrow confidence intervals, suggesting these variables 

id not significantly alter the duration of established symptoms. 

The associations observed in the infection-only models were 

roadly consistent with those estimated in the full cohort, with 

imilar directions and magnitudes across most demographic and 

linical covariates ( Figure 3 , Panel B). However, the timing of symp- 

om onset (Post-COVID onset vs Pre-existing) showed divergent ef- 

ects: new-onset fatigue tended to be associated with longer symp- 

om duration than pre-existing fatigue, although the confidence in- 

erval included unity (TR: 1.23; 95% CI: 0.94-1.61), whereas sev- 

ral new-onset respiratory and related symptoms—including sleep 

isturbance (TR: 0.68; 95% CI: 0.48-0.95), sputum production (TR: 

.48; 95% CI: 0.35-0.64), cough (TR: 0.71; 95% CI: 0.52-0.97), and 
5

hinorrhea/throat symptoms (TR: 0.69; 95% CI: 0.51-0.95)—were 

ssociated with shorter duration compared with symptoms al- 

eady present before infection. This pattern suggests that newly 

merging fatigue may reflect a more persistent post-COVID condi- 

ion, whereas many respiratory symptoms occurring after infection 

ay represent transient manifestations that resolve over time. The 

umber of prior infections showed no consistent association with 

ymptom persistence across symptoms, with most estimates close 

o the null. 

iscussion 

In this longitudinal cohort study of 1315 participants followed 

or up to 22 months, we used AFT models to characterize symp- 

om resolution trajectories following SARS-CoV-2 infection. Dis- 

inct recovery patterns emerged: respiratory and physical symp- 

oms such as cough, sputum, and weakness resolved at rates com- 

arable to uninfected controls, whereas systemic and neurologi- 

al sequelae—particularly fatigue and sleep disturbance—persisted 

ubstantially longer. These associations remained robust after ad- 

ustment for demographic and clinical covariates, with infection 

tatus independently predicting prolonged symptom duration in 

ong-term follow-up. Specifically, infected participants experienced 

ignificantly slower resolution of these systemic symptoms, with 

ime ratios (TR) indicating approximately 50% longer persistence 

or fatigue and sleep disturbance. Together, these findings indicate 

hat Long COVID chronicity is driven primarily by systemic neuro- 

mmunological dysregulation rather than isolated respiratory in- 

ury. 

The divergence between respiratory and systemic symptom tra- 

ectories is a key finding that aligns with emerging understanding 

f long COVID pathophysiology [ 14–16 ]. The Kaplan-Meier analysis 

nd AFT models concordantly showed that respiratory symptoms 

cough, sputum, rhinorrhea) in infected participants rapidly con- 

erged with baseline rates observed in uninfected controls. This 

uggests that for the majority of patients, direct mucosal or pul- 

onary injury from SARS-CoV-2 heals within a definable time- 
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rame. In contrast, fatigue and sleep disturbance demonstrated pro- 

racted trajectories, with 20-25% of infected participants reporting 

nresolved fatigue and 15-20% persistent sleep issues at 1 year—

ates two- to fourfold higher than controls. These findings are con- 

istent with global estimates from systematic reviews, where fa- 

igue persists in 30-50% of survivors at 6-12 months, and sleep dis- 

urbances affect 20-40%, often clustering with cognitive and neu- 

opsychiatric features [ 17 , 18 ]. Neuroinflammation has emerged as a 

entral mechanism underlying the persistent neurological and sys- 

emic features of long COVID, rather than residual organ damage 

lone [ 19–21 ]. Additional proposed mechanisms include viral reser- 

oir persistence [ 22 ], immune dysregulation [ 23 ], or autonomic 

ysfunction [ 24 ] , rather than residual organ damage alone [ 19 ]. 

Our multivariate analysis provides nuanced insights into risk 

actors for symptom chronicity. Consistent with prior literature, 

lder age (40-59 years) was a significant determinant of pro- 

onged recovery, particularly for fatigue and sputum [ 25 , 26 ]. How- 

ver, sex, BMI, CCI, and reinfection history clustered near null 

ffects (TR ≈1.0), contrasting some prior reports linking female 

ex and comorbidities to higher long COVID risk [ 19 ]. This sug- 

ests that while certain demographics may increase susceptibility 

o the initial post-acute condition, the biological drivers of symp- 

om persistence (how long it lasts) may be independent of pre- 

xisting metabolic or comorbidity profiles. The divergent effects of 

ew-onset versus pre-existing symptoms—faster resolution for in- 

ident sputum and rhinorrhea/throat but prolonged new fatigue—

ighlight infection-triggered de novo pathophysiology, possibly in- 

olving immune dysregulation or neuroinflammation [ 27 , 28 ]. 

This interpretation is supported by our finding that higher vac- 

ination exposure ( > 3 doses) may accelerate the resolution of 

ystemic symptoms such as fatigue (TR: 0.71; 95% CI: 0.52-0.97) 

mong the infected cohort, but has limited associations with most 

ymptom durations. This pattern may reflect the systemic nature 

f fatigue, which has been linked to immune dysregulation and 

euroinflammatory mechanisms in long COVID. One possible ex- 

lanation is that booster vaccination may reduce persistent anti- 

enic stimulation or low-level viral reservoirs, thereby attenuating 

hronic immune activation and neuroinflammatory or autonomic 

athways implicated in fatigue and sleep dysregulation [ 29 ]. In 

ontrast, respiratory symptoms such as cough, sputum, and rhi- 

orrhea/throat irritation are more likely driven by localized air- 

ay inflammation and may therefore be less influenced by vacci- 

ation status. Prior studies report mixed evidence on vaccination 

nd long COVID resolution, showing a 23-46% reduction in long 

OVID risk [ 30–32 ] but variable symptom improvement after in- 

ection (20% improvement vs 54% no change) [ 32–34 ]. Together, 

hese findings suggest that vaccination may preferentially influence 

ystemic post-COVID manifestations rather than uniformly affect- 

ng all symptom trajectories. Because vaccine type/brand was in- 

ompletely recorded ( > 60% missing), a type-based analysis was not 

easible; future studies should examine whether vaccine platform 

e.g., mRNA vs viral-vector) affects symptom resolution. 

Several limitations warrant consideration. First, our study did 

ot fully capture time-varying phenotype transitions or phenotype- 

pecific recovery dynamics across infected and uninfected cohorts. 

n addition, symptom recovery was not strictly monotonic, and 

elapsing–remitting patterns may have been underrepresented. To 

reserve interpretability of symptom-specific recovery times, we 

odeled individual symptom trajectories using AFT models and 

dopted a conservative approach that focused on time to first res- 

lution, as relapse or symptom re-emergence can be difficult to 

ttribute specifically to long COVID; Future research should em- 

loy dynamic modeling frameworks, such as multi-state or latent 

ransition analysis, to explicitly characterize the temporal evolution 

f symptom phenotypes and the non-monotonic dynamics of re- 

apse and remission. Second, heterogeneity in follow-up duration 
6

nd participant attrition may introduce survival or selection bias , 

s individuals with persistent symptoms may be more likely to 

emain under observation, while those who recover quickly may 

isengage from follow-up. However, stratified analyses in a > 12- 

onth follow-up sub-cohort showed patterns similar to those in 

he full cohort (Figure S4), suggesting minimal influence on the 

stimated recovery patterns. Third, reliance on discrete follow-up 

isits introduces interval censoring and potential misclassification 

f symptom onset and resolution times, as exact transition dates 

re not observed. These limitations highlight the need for cau- 

ious interpretation of absolute duration estimates, while support- 

ng the validity of relative comparisons across infection status and 

ollow-up strata that are central to our conclusions [ 35 ]. Fourth, 

ur symptom-specific analyses were restricted to participants who 

ver reported each symptom, which is necessary for defining time- 

o-resolution but may introduce selection bias by excluding indi- 

iduals with milder or transient symptoms that were resolved be- 

ween visits or were never reported. Thus, our estimates reflect the 

ecovery course of symptomatic individuals rather than the average 

urden across the entire infected population. In addition, although 

nterval reinfection was ascertained by self-report (from PCR and 

apid antigen tests) at each visit and is likely underestimated as 

ully asymptomatic or unrecorded infections cannot be determined. 

uch misclassification of controls would bias the infected-versus- 

ontrol contrast toward the null, rendering our estimates conser- 

ative. We did not measure the burden of seasonal co-infections 

e.g., RSV, influenza, rhinovirus). However, because controls were 

nrolled contemporaneously, this burden is likely shared by both 

rms and partially differenced out in the infected-versus-control 

ontrast. Finally, we focused on the eight most prevalent symp- 

oms reported among infected participants; less common manifes- 

ations were not examined, which may limit the generalizability of 

ur findings to populations with different symptom profiles. 

Nonetheless, a distinct strength of this study lies in its gran- 

lar examination of the natural history of eight individual symp- 

oms, stratified by full and infection-only cohorts, which reveal 

ritical divergences often masked by aggregate “symptom burden”

cores or “long COVID indices.” The trajectory data from the NIH 

ECOVER Adult Cohort [ 36 ] identified that 5% of patients had per- 

istently high symptom burden, 12% had intermittently high bur- 

en, and notably, 14% did not meet criteria initially but devel- 

ped increasing symptoms by 15 months—underscoring the het- 

rogeneity and chronicity of the condition. By modeling time-to- 

esolution for specific manifestations rather than composite out- 

omes, we identified a definitive bifurcation in recovery trajecto- 

ies: while respiratory and physical symptoms—such as cough, spu- 

um, and weakness—resolved at rates statistically indistinguishable 

rom uninfected controls, systemic and neurological sequelae like 

atigue and sleep disturbance exhibited significant, protracted per- 

istence. Our findings indicate that the “long tail” of recovery is not 

 generalized prolongation of acute illness, but rather the specific 

ntrenchment of neuro-systemic burdens that become increas- 

ngly distinct from background risks over time. These results high- 

ight the importance of symptom-specific monitoring and manage- 

ent in long COVID, particularly focusing on systemic manifesta- 

ions such as fatigue and sleep disturbance rather than respiratory 

ymptoms that may reflect background population prevalence. 

onclusions 

In this longitudinal cohort study with follow-up extending to 22 

onths, we found that recovery trajectories following SARS-CoV- 

 infection differ markedly across symptom types. While respira- 

ory and physical symptoms such as cough, sputum, and weak- 

ess resolved at rates comparable to uninfected controls, sys- 

emic and neurological manifestations—particularly fatigue and 
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leep disturbance—persisted substantially longer and remained in- 

ependently associated with infection after adjustment for demo- 

raphic and clinical factors. These findings suggest that the long- 

erm burden of post-COVID conditions is driven primarily by per- 

istent neuro-systemic sequelae rather than generalized prolonga- 

ion of acute respiratory illness. Recognizing this symptom-specific 

eterogeneity has important clinical implications, highlighting the 

eed for targeted monitoring and management strategies that pri- 

ritize systemic manifestations such as fatigue and sleep distur- 

ance in long COVID care. 
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