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Long COVID across SARS-CoV-2
variants, lineages, and sublineages

Sergio Padilla,1,2,3 Christian Ledesma,1 Javier Garcı́a-Abellán,1,2,3 José Alberto Garcı́a,1,3

Marta Fernández-González,1,3 Alba de la Rica,4 Antonio Galiana,4 Félix Gutiérrez,1,2,3,5,* and Mar Masiá1,2,3,5,6,*
SUMMARY

This prospective study aimed to determine the prevalence of long COVID in patients hospitalized for
SARS-CoV-2 infection from March 2020 to July 2022 and assess the impact of different viral lineages. A
total of 2,524 patients were followed up for 12 months, with persistent symptoms reported in 35.2%
at onemonth, decreasing thereafter. Omicron variant patients initially showed higher symptom intensity,
but this trend diminished over time. Certain viral lineages, notably Delta lineages AY.126 and AY.43, and
Omicron sublineages BA.1.17, BA.2.56, and BA.5.1, consistently correlated with more severe symptoms.
Overall, long COVID prevalence and severity were similar across SARS-CoV-2 variants. Specific lineages
may influence post-COVID sequelae persistence and severity.

INTRODUCTION

The COVID-19 pandemic has been marked by evolving SARS-CoV-2 variants, lineages, and sublineages, with differential impacts on virus

transmissibility, vaccine efficacy, clinical presentation, and outcomes. Soon after it was first identified by the World Health Organization

(WHO) in November 2021, Omicron became the predominant variant worldwide, and it remains so today. Unlike previous SARS-CoV-2 var-

iants, Omicron demonstrates an unprecedented number of mutations, resulting in significantly increased transmissibility and spread ability.

TheOmicron phase has also been characterized by successive sweeps of multipleOmicron sublineages, as opposed to the preceding phases

of fewer, independent, and highly divergent lineages.1,2 Another noteworthy characteristic of theOmicron variant is the reduced risk of severe

outcomes, attributed to the decreased intrinsic severity of the variant itself and the protective effect of booster vaccinations.3

Moreover, Omicron has also been associated with a reduced incidence of long COVID compared to other variants.4–7 However, available

information about long COVID and its association with different SARS-CoV-2 variants has mostly relied on large-scale, real-world data ana-

lyses of electronic health records (EHRs). Despite the recognized advantages of these studies, this methodology also presents significant lim-

itations.8 Comprehensively capturing all long COVID symptoms, which are often not included in the diagnostic codes of EHR, may be chal-

lenging and entails the risk of under-reporting. Variability in the number and type of patient interactions with the healthcare system further

exacerbates the problem. Additionally, the usual lack of direct testing for SARS-CoV-2 hampers the determination of the index date from

which to commence follow-up and limits the possibility of confidently ascribing a distinct long COVID profile to a particular SARS-CoV-2

variant. Moreover, the substantial proliferation of Omicron sublineages raises the question of whether they might have a differential impact

on the severity of persistent symptoms. Another open question is whether the increasing levels of SARS-CoV-2 antibodies over the course of

the pandemic exercise a protective role on the risk of long COVID, since in most investigations immune status was inferred exclusively from

patients’ vaccination history.

The availability of robust and comprehensive clinical and immunovirological data is crucial for evaluating the distinctive characteristics of

long COVID according to the SARS-CoV2 variants. Thus, the primary aim of this study was to assess long-term (one year) outcomes associated

with the different SARS-CoV-2 variants, lineages, and sublineages. The secondary aim was to compare persistent COVID-19 symptoms in pa-

tients with Omicron versus pre-Omicron variants considering the levels of anti-SARS-CoV-2 spike antibodies.

RESULTS

Baseline characteristics, clinical status upon admission and short-term outcomes

Between March 1, 2020 and July 31, 2022, a total of 2,524 patients were hospitalized in our center due to SARS-CoV-2 infection (Fig-

ure S1), resulting in 172,768 and 1,269 patient-years of cumulative cohort follow-up at 1, 6, and 12 months, respectively. Baseline
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Figure 1. Sankey diagrams illustrating trajectories in composite scores of symptom intensity categories across study visits

(A) Participants infected with any pre-Omicron variant of SARS-CoV-2; (B) participants infected with the Omicron variant. Composite score was computed by

standardizing the sum of all survey items, and deemed present if it was equal to or exceeded 2 SD population scores. The symptom intensity categories are

defined based on the distance from the standardized mean score for that visit: in blue, below the mean; in orange, between the mean and two standard

deviations; and in red, above two standard deviations. On the x axis are the three visits (Months 1, 6, and 12) following hospital admission.
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characteristics are shown in Table S2. The SARS-CoV-2 variant was confirmed by viral genome sequencing (n = 393) or multiplex PCR

(n = 661) in 1,054 participants (41.8%). Altogether, 552 (22%) cases were Omicron, 1954 (77%) pre-Omicron variants (n = 1224 Ancestral,

n = 511 Alpha, and n = 219 Delta) and in 18 (<1%) cases SARS-CoV-2 variant could not be determined. These accounted for 2506

patients with known SARS-CoV-2 variant, who were included in all analyses. Hospitalized patients infected with the Omicron variant

were older, were more likely to have comorbidities, and were more likely to be vaccinated. These patients also exhibited a less

severe clinical presentation on admission, characterized by lower WHO severity score, lower frequency of pneumonia, and higher pe-

ripheral arterial oxygen saturation/inspired fraction of oxygen ratios (SpO2/FiO2) compared to patients infected with other variants

(Table S2). The levels of SARS-CoV-2 antibodies against the spike and the nucleocapsid were significantly higher and lower, respec-

tively, in patients with Omicron, consistent with a population with higher vaccination rates and fewer previous SARS-CoV-2 infections.

The median (IQR) antibody levels in unvaccinated subjects upon admission were not different between the unvaccinated Omicron-in-

fected group (n = 101) and those infected with pre-Omicron variants and unvaccinated (n = 1833) (5.75 (4.8, 29.0) vs. 8.5 (4.68, 68.8);

p = 0.389).

Long-term COVID-19 symptoms

Symptom questionnaires were available for 1,749 (69%) participants for at least one of the follow-up points (1, 6, and/or 12 months

following hospital admission; Figure S2). The prevalence of persistent symptoms at one month varied according to the definitions

applied. The prevalence of patients reporting long COVID-19 symptom/s of any intensity in at least two symptom domains was

35.2%, and of severe intensity, 6.4%. For strictly defined long COVID and severe long COVID, prevalence was 28.6% and 2.2%, respec-

tively Figures S3 and S4 for comparisons between Omicron and individual pre-Omicron variants). As shown in Table S3, at the one-

month visit, patients infected with the Omicron variant displayed a higher proportion of severe (>2 SDs) symptoms across most domains

as well as in the composite score (14.4% in Omicron vs. 2.4% in pre-Omicron variants; p = 0.001). Table S3 also shows the quantitative

analysis of symptom scores and composite scores using adjusted linear models that included the levels of anti-spike IgG antibodies

among covariates. Patients infected with Omicron exhibited higher scores in general, respiratory, and gastrointestinal symptoms,

and in the composite score with global symptom aggregates. Similar results were observed when analyses were performed with the

matched patient sample using propensity scores and when analyses were repeated in patients with viral variants confirmed through

sequencing (data not shown).

To assess the evolution of post-COVID symptoms while controlling for patient response variability, we chose a subgroup of 598 in-

dividuals with available symptom surveys for all visits and examined their standardized scores. Most patients within a specific symptom

intensity category—and particularly those with Omicron—either remained stable or experienced a decrease in symptom intensity. How-

ever, there were also minor shifts of patients to higher intensity categories over time in both Omicron and pre-Omicron groups. A small

percentage of patients consistently remained in the high-intensity symptom category; at the initial follow-up visit, this was more

frequent in the Omicron group (Figure 1). By symptom category, the proportion of patients exhibiting symptoms of an intensity of 2

or more SDs of the standardized population scores was usually below 20% in all domains at the 1-month follow-up visit, and was

more frequent among patients infected with Omicron (Figure 2). There was a downward trend in the presence of symptoms to the

12-month follow-up visit, when the proportion of patients with Omicron vs. pre-Omicron variants was similar for most symptoms and
2 iScience 27, 109536, April 19, 2024



Figure 2. Proportion of patients with persistent symptoms with an intensity equal or higher than 2 standard deviations across the study visits

Light gray bars represent subjects with Omicron variant infection, and dark gray with pre-Omicron variants. Domains are met if any of the symptoms comprising

the domain (General domain: general condition and fatigue; Respiratory domain: cough and difficulty breathing; Digestive domain: gastrointestinal symptoms;

Neuropsychiatric domain: inattention, anxiety and insomnia) are above 2 SD. The composite score was computed by standardizing the sum of all survey items,

and deemed present if it was equal to or exceeded 2 SD population scores.
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symptom domains. The proportion of patients with a severe composite score (above 2 population SDs) remained stable throughout the

study (p > 0.05), although patients with the Omicron variant experienced a greater decrease from the initial 1-month visit. When the

analyses were repeated, including all subjects in the study with at least one survey available, the results followed a similar trend

(Figure S5).

The quantitative analysis of symptom scores over the entire study period and across different visits using adjusted linear regressionmodels

showed that the higher scores observed at 1month in patients infectedwith theOmicron variant tended to attenuate at the 6-month visit, and

differences dissipated at the 12-month visit (Table 1). Similar results were observed for the comparison of questionnaire scores between viral

variants in the propensity-matched analyses (Table 1) andwhen analyseswere repeated in patients with viral variants confirmedby sequencing
iScience 27, 109536, April 19, 2024 3



Table 1. Comparison of questionnaire scores between Omicron pre-Omicron SARS-CoV-2 variants across assessment time points

All study period 1 - Month visit 6 - Month visit 12 - Month visit

Propensity-

matched cohort

All study

participants

Propensity-

matched cohort

All study

participants

Propensity-

matched cohort

All study

participants

Propensity-

matched cohort

All study

participants

EE (SE) P EE (SE) P EE (SE) P EE (SE) P EE (SE) P EE (SE) P EE (SE) P EE (SE) P

General

General condition �0.03 (0.15) 0.86 0.01 (0.11) 0.93 �0.06 (0.22) 0.78 0.01 (0.14) 0.94 �0.11 (0.19) 0.57 �0.04 (0.14) 0.78 0.13 (0.22) 0.54 0.06 (0.14) 0.66

Fatigue 0.08 (0.14) 0.58 0.16 (0.11) 0.14 0.15 (0.19) 0.43 0.18 (0.13) 0.18 0.22 (0.19) 0.25 0.28 (0.14) 0.03 �0.13 (0.19) 0.51 0.02 (0.13) 0.88

Respiratory

Cough 0.14 (0.16) 0.40 0.21 (0.10) 0.04 0.24 (0.21) 0.27 0.28 (0.13) 0.03 0.06 (0.21) 0.78 0.24 (0.13) 0.09 0.08 (0.19) 0.70 0.08 (0.13) 0.56

Difficulty breathing 0.04 (0.16) 0.78 0.01 (0.11) 0.97 0.25 (0.21) 0.23 0.10 (0.14) 0.46 0.06 (0.19) 0.76 0.06 (0.13) 0.64 �0.18 (0.19) 0.36 �0.16 (0.14) 0.24

Gastrointestinal 0.35 (0.14) 0.02 0.15 (0.10) 0.14 0.62 (0.21) 0.01 0.36 (0.14) 0.01 0.35 (0.17) 0.04 0.13 (0.14) 0.34 0.09 (0.19) 0.61 �0.04 (0.14) 0.77

Neuropsychiatric

Inattention 0.18 (0.15) 0.24 0.12 (0.11) 0.27 0.66 (0.36) 0.06 0.30 (0.17) 0.08 0.18 (0.18) 0.33 0.16 (0.13) 0.23 0.09 (0.19) 0.59 �0.01 (0.13) 0.98

Insomnia 0.21 (0.15) 0.17 0.04 (0.11) 0.73 0.15 (0.33) 0.66 �0.25 (0.18) 0.17 0.25 (0.19) 0.19 0.19 (0.14) 0.17 0.19 (0.17) 0.27 �0.02 (0.13) 0.88

Anxiety 0.25 (0.16) 0.11 0.12 (0.11) 0.27 0.37 (0.35) 0.29 0.03 (0.18) 0.88 0.26 (0.20) 0.20 0.27 (0.14) 0.05 0.18 (0.18) 0.30 0.01 (0.13) 0.96

Other symptoms

Myalgia 0.01 (0.15) 0.92 �0.02 (0.11) 0.87 0.14 (0.19) 0.48 �0.01 (0.14) 0.92 0.03 (0.18) 0.85 0.03 (0.13) 0.85 �0.14 (0.19) 0.47 �0.07 (0.13) 0.62

Sweating 0.11 (0.15) 0.47 0.05 (0.10) 0.62 0.43 (0.21) 0.04 0.31 (0.14) 0.02 0.08 (0.18) 0.66 0.06 (0.13) 0.69 �0.19 (0.16) 0.23 �0.21 (0.13) 0.11

Headache 0.09 (0.16) 0.58 0.16 (0.11) 0.15 0.43 (0.19) 0.03 0.30 (0.14) 0.02 0.07 (0.20) 0.74 0.15 (0.14) 0.27 �0.22 (0.20) 0.29 0.03 (0.13) 0.80

Sore throat 0.02 (0.16) 0.91 0.09 (0.10) 0.82 0.09 (0.22) 0.67 0.05 (0.14) 0.70 0.26 (0.21) 0.21 0.21 (0.14) 0.12 �0.32 (0.20) 0.12 �0.21 (0.13) 0.11

Nasal congestion 0.12 (0.13) 0.39 0.06 (0.11) 0.54 0.45 (0.21) 0.03 0.30 (0.14) 0.03 0.23 (0.16) 0.17 0.14 (0.13) 0.31 �0.32 (0.17) 0.07 �0.25 (0.14) 0.06

Anosmia, dysgeusia �0.02 (0.16) 0.90 0.03 (0.11) 0.77 �0.09 (0.20) 0.62 �0.06 (0.14) 0.65 0.06 (0.21) 0.77 0.17 (0.14) 0.22 �0.03 (0.19) 0.86 �0.02 (0.14) 0.87

Palpitations 0.16 (0.16) 0.31 0.12 (0.11) 0.25 0.23 (0.36) 0.53 0.10 (0.18) 0.58 0.42 (0.21) 0.05 0.42 (0.13) 0.01 �0.09 (0.18) 0.59 �0.17 (0.14) 0.22

Hair loss �0.10 (0.16) 0.52 �0.03 (0.11) 0.78 0.04 (0.34) 0.91 �0.03 (0.18) 0.88 �0.04 (0.17) 0.80 �0.04 (0.14) 0.76 �0.16 (0.20) 0.44 �0.04 (0.13) 0.76

Composite score 0.14 (0.16) 0.39 0.12 (0.11) 0.29 0.37 (0.21) 0.08 0.23 (0.14) 0.09 0.19 (0.19) 0.32 0.21 (0.13) 0.13 �0.13 (0.19) 0.52 �0.07 (0.13) 0.59

EE: adjusted estimated effect for the difference between Omicron vs. non-Omicron (reference category) variants in the linear regression model (N = 598 participants); SE: standard error.
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or multiplex PCR (data not shown). A global symptom aggregation including the entire study period was constructed for each domain (Ta-

ble 1); no differences in the individual scores or in the composite scores were observed between Omicron and pre-Omicron variants in the

adjusted linear models, which accounted for the within-individual correlation.

The analysis of persistent symptoms according to SARS-CoV-2 viral clades included 131 patients. Following cluster analysis, participants

were divided into two groups, one (n = 101) showing significantly more severe symptoms than the remaining group with mild symptoms

(n = 30) across various domains (Table S4). When these groupings were overlaid with survey symptoms, expressed in two dimensions after

principal component analysis, there was still minimal overlap between them, suggesting the existence of two groups of lineages that differ

in the expression of persistent symptoms (Figures 3 and S6 for individual domains). Throughout the follow-up visits, we consistently observed

the presence of these two distinct groups of clades, each displaying enduring associations with either severe or mild symptoms at 1, 6, and

12 months. Notably, Delta lineages such as AY.126 and AY.43, along with the Omicron sublineages BA.1.17, BA.2.56 and BA.5.1, were consis-

tently allocated within the most severe symptom category, while lineages B.1.1.7 (Alpha), AY.47 (Delta), and the Omicron sublineage

BA.1.15.1 fell within the milder symptom group (Tables 2 and S6 for individual domains).
DISCUSSION

This study took place throughout the first three years of the pandemic and followed a cohort of patients hospitalized with COVID-19, who

were closely investigated and monitored following a predefined protocol. Persistent symptom scores were standardized to ensure accuracy

of analyses. The results revealed no overall significant differences in long-term outcomes between the SARS-CoV-2 variants. Unlike previous

studies, the prevalence of persistent symptoms one month after admission was higher within certain domains among patients infected with

the Omicron variant. However, this prevalence gradually decreased and converged to rates comparable with the pre-Omicron cases at one

year. Certain lineages and sublineages exhibited consistent profiles in the severity of COVID-19 sequelae. Patients infected with the Delta

lineages AY.126 and AY.43, and Omicron sublineages BA.1.17, BA.2.56, and BA.5.1, consistently experienced more severe persistent symp-

toms throughout the 12-month follow-up period, while patients infected with theOmicron sublineage BA.1.15.1 exhibited persistently milder

symptoms.

Establishing a clear definition for long-term, persistent symptoms following the acute phase of COVID-19 has posed a challenge for re-

searchers, as exemplified by the significant variability in the estimated prevalence of long COVID, ranging from 10% to 30%.9–13 The main

problem is the lack of a well-delineated, consensus-based definition for this complex condition, which has resulted in the use of a wide range

of variables, formats, and measurement methodologies across different studies. This diversity represents an obstacle when attempting to

compare prevalence estimates between studies. A distinguishing aspect of our investigation is the standardization of post-COVID symptoms,

yielding precise and remarkably consistent data, enabling us to compare the scores of dissimilar variables measured at different time points.

Data standardization in studies of long COVID would enable the comparison of prevalence estimates across different studies. Additionally,

we performed sensitivity analyses using different definitions, somemore inclusive and othersmore stringent, for the symptoms that weremost

specific to longCOVID.14,15 The results across all analyses were similar in terms of the frequency of COVID-19 sequelae in people infectedwith

Omicron and pre-Omicron variants.

The comparable occurrence of long-lasting symptoms in our cohort of Omicron-infected inpatients represents a novel finding. The greater

frequency of post-COVID syndromewith pre-Omicron variants had been associatedwith the higher intensity and number of symptomsduring

the acute infection caused by these variants.6,16–18 Of note, the available data on Omicron-induced post-COVID syndrome are derived exclu-

sively from non-hospitalized patient cohorts. To our knowledge, this is the first study addressing the long-term outcomes after infection with

the SARS-CoV-2 Omicron variant in patients requiring admission. Furthermore, in our cohort, patients hospitalized with Omicron exhibited a

differential profile, characterized by older age and greater comorbidity burden, despite having milder disease severity. Additionally, these

Omicron infected patients had higher vaccination rates and a lower proportion of previous infections, which could contribute to the

decreased severity in this group of patients, as observed in other studies.19 Cumulative evidence suggests that development of post-COVID

syndrome is more frequent in people with pre-existing comorbidities, which might be involved in the pathogenesis of the syndrome.20,21 The

increased comorbidity burden likely accounts for the greater initial frequency of COVID-19 sequelae in patients infected with Omicron, even

after adjusting for this and other distinctive factors compared to other variants. Although the presence and severity of post-COVID symptoms

at 6 and 12 months following hospital admission tended to converge with those of patients infected with pre-Omicron variants. While the

differences found during the initial months could indeed be attributed to the distinctive features of the variants, we cannot rule out some

residual impact of the underlying comorbidities on the enduring persistence of COVID-19 sequelae in patients infected with Omicron, which

was probably not completely controlled for in the adjustments we made. Notably, a relevant proportion of patients infected with both Om-

icron and pre-Omicron variants continued to experience symptoms throughout the entire one-year follow-up period, albeit with fluctuations

in symptom intensity. A subset of these patients consistently presented severe symptoms. This is in line with the reported occurrence of

persistent health impairment even up to 24 months after infection in a Swiss cohort22 and other studies showing a slow recovery,23,24 which

may point to development of chronic sequelae. Fluctuations in symptom intensity and prolonged duration, observed in our subjects, have

been linked to the persistence of the SARS-CoV-2 virus.25 This persistence triggers immune dysregulation, heightened release of inflamma-

tory cytokines, and abnormal endothelial damage, culminating in chronic inflammation, vascular injury, hypercoagulability, microthrombosis,

and multiorgan symptoms.

We observed a distinct contribution of SARS-CoV-2 lineages and sublineages to long COVID. Delta AY.126 and AY.43 lineages were asso-

ciated with consistently higher scores in post-COVID symptoms throughout the study period, whereas the Alpha B.1.1.7 lineage and Delta
iScience 27, 109536, April 19, 2024 5



Figure 3. Two dimensions principal component scatterplot of symptoms questionnaires displaying the two groups defined in viral clade cluster analysis

Two clusters were defined by cluster analysis of COVID-19 questionnaire scores: Hi for ‘‘Highscorers’’, Lo for ‘‘Lowscorers’’. Dim1, Dimension 1 (Dimension 1

primarily comprises the subsequent variables (loading coefficient): general condition (0.32), myalgia (0.30), inattention (0.30), sweating (0.28), anxiety (0.28)

and palpitations (0.28)); Dim2, Dimension 2 (Dimension 2 primarily comprises the subsequent variables (loading coefficient): cough (�0.59), nasal congestion

(�0.45) and gastrointestinal symptoms (0.35).
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AY.47 were repeatedly associated with mild-intensity symptoms. For the Omicron variant, different sublineages showed differential impacts

on the post-COVID sequelae, with persistently high symptom scores observed with some clades and consistently low scores with others.

Accordingly, certain lineagesmight be associated with a higher capacity to evade selective host immune responses or with higher viral persis-

tence in particular organs.1,26,27 To our knowledge, this is a novel finding that may help explain the chronicity and severity of COVID-19

sequelae. Although the numbers were low, our findings generate new knowledge about long COVID and take us toward a deeper under-

standing of its etiology. Future research through larger studies is warranted to confirm our results, which may also help explain discrepancies

between studies examining long-term outcomes of SARS-CoV-2 infection. The potential existence of a differential effect in persistent
6 iScience 27, 109536, April 19, 2024



Table 2. Cluster classification of symptom scores by viral lineages and study visits

All visits

Visit

1st month 6th month 12th month

Samples no., Total (Hi, Lo) 131 (101, 30) 126 (95, 31) 80 (49, 31) 78 (31, 47)

SARS-CoV-2 lineages

AY.126 Hi Hi Hi Hi

AY.43 Hi Hi Hi Hi

BA.1.17 Hi Hi Hi Hi

BA.2.56 Hi Hi Hi Hi

BA.5.1 Hi Hi Hi Hi

B.1.351 Hi – Hi Hi

AY.133 Hi Hi Hi –

AY.94 Hi Hi Hi –

BA.1.17.2 Hi Hi – Hi

BA.2.3 Hi Hi Hi –

AY.4 Hi Hi Hi Lo

BA.1.1.1 Hi Hi Hi Lo

BA.2 Hi Hi Hi Lo

AY.42 Hi Hi – –

AY.5.4 Hi Hi – –

BA.4 Hi Hi – –

BA.5.2 Hi Hi – –

BE.1 Hi Hi – –

B.1.617.2 Lo Lo Hi Hi

BA.1.1 Hi Hi Lo Lo

BA.2.9 Hi Hi Lo –

BA.4.1 Hi Hi Lo –

BA.5.1.23 Hi Hi Lo –

BA.1 Lo Lo Hi Hi

AY.34 Lo Lo Lo Hi

AY.100 Lo Lo – –

AY.124 Lo Lo – –

AY.5 Lo Lo – –

BA.5.2.1 Lo Lo – –

B.1.1 Lo – Lo –

BA.2.12.1 Lo – Lo –

AY.125 Lo Lo Lo –

BF.1 Lo Lo Lo –

B.1.1.7 Lo Lo Lo Lo

AY.47 Lo Lo Lo Lo

BA.1.15.1 Lo Lo Lo Lo

Clusters were defined by cluster analysis of COVID questionnaires scores. Hi, ‘‘highscorers’’; Lo, ‘‘lowscorers’’.
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symptoms based on SARS-CoV-2 lineage could significantly imply forthcoming changes in the future prevalence, intensity, and clinical profile,

depending on the virus’s future trajectory. If confirmed, the lineages/sublineages associated with severe long-term symptoms should be

given preferential consideration in the development of forthcoming SARS-CoV-2 vaccines or in COVID-19 therapy.

In addition to the viral variant, vaccination represents another significant factor involved in the development of post-COVID-19 syndrome

in the Omicron era. Accordingly, higher levels of neutralizing antibodies against Omicron were observed in individuals who had recovered
iScience 27, 109536, April 19, 2024 7
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from the infection and were vaccinated, compared to those who were unvaccinated28 and data from the pre-Omicron waves suggest that

COVID-19 vaccines may confer protective effects against long COVID.29 However, the effect of vaccination on the long-term outcomes after

infection with Omicron in non-hospitalized patients has yielded inconsistent results, ranging from reduced prevalence of COVID-19 sequelae

in vaccinatedpatients with cancer5 to null protective effects in a cohort of health careworkers.6 In our study, the availability of antibody titers as

opposed to vaccination history as an adjustment covariate may help elucidate the true protective impact of the immune response against the

virus versus the pathogenicity of the clade on long-term outcomes. Likewise, it may have also contributed to the novel findings compared to

previous studies.

A strength of our study lies in the representativeness of the emerging SARS-CoV-2 variants in this cohort of hospitalized patients

throughout the entire course of the pandemic. Patients were closely and comprehensively monitored, and symptom scores were standard-

ized, which contributed to mitigating the impact of individual variations and ensuring the consistency of data and the comparability between

the different variants and clades to support the results. We measured COVID-19–related sequelae longitudinally, through prospective and

protocol-driven evaluation of participants starting from the time of SARS-CoV-2 infection, which shed light on how problems evolve in people

who survive COVID-19. This approach also minimized the variability in the definition of long COVID, which could pose challenges in multi-

center studies. Additionally, the identification of the SARS-CoV-2 lineages and sublineages through sequencing, as well as the measurement

of antibody levels to assess the true protective effect of immunization, further enhanced the robustness of our research. Our findings may

contribute to the understanding of long-COVID dynamics by acknowledging the potential for prolonged symptom persistence with contem-

porary variants, as well as the differential impacts of existing and emerging clades. This may aid in the management and mitigation of the

impact of the COVID-19 pandemic.

In conclusion, the overall prevalence and severity of long COVID is comparable among the SARS-CoV-2 variants. Certain SARS-CoV-2 lin-

eages and Omicron sublineages may have distinctive and consistent effects on the severity and persistence of post-COVID sequelae.

Limitations of the study

Our findings should be considered in light of several limitations. First, participants were recruited from a single hospital. We relied on self-

reported symptoms and comparisons with baseline health status. While this captures participants’ experiences of their own sequelae, it also

introduces the risk of misclassification, as perceptions may evolve over time, and some participants’ symptoms may be due to a health con-

dition unrelated to COVID-19.Our findings could also be attributed to the inherent selection bias toward bothmore severe and longer-lasting

clinical conditions in patients who completed all questionnaires from 1 month to 12 months, which may contribute to an overestimate of the

frequency and severity of persistent symptoms. Consequently, our findings may reflect a skewed representation of the patient population,

primarily comprising those with more persistent and severe symptoms. The SARS-CoV-2 lineage/sublineage was not available in all samples,

and certain lineages and sublineages were underrepresented. Having a control groupwould have been valuable given the nonspecific nature

of long COVID symptoms.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Plasma and nasopharyngeal frozen samples. Infectious Diseases Unit and Microbiology

Service Biobank. Hospital General

Universitario de Elche, Spain.

Local Biobank.

Critical commercial assays

Detection of Nucleocapsid IgG:

SARS-CoV-2 IgG (Alinity i)

Abbott Laboratories Cat# 06R9022

Detection of Spike IgG:

Liaison SARS-CoV-2 IgG Trimeric IgG assay

Diasorin Cat# 311510

Sequencing: Ligation Sequencing Kit MinION (Oxford Nanopore Tech) SQK-LSK109

Deposited data

De-identified patient data Mendeley Data https://doi.org/10.17632/whgfwf35j5.1

SARS-CoV-2 genome sequences hCoV-19 data GISAID https://gisaid.org/

R code Mendeley Data https://doi.org/10.17632/rvv6r2nrh5.2
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Mar Masiá (marmasiac@

gmail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� De-identified patient data have been deposited at Mendeley Data public repository. Accession numbers are listed in the key resources

table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
� Original R code has been deposited at Mendeley Data Repository and is publicly available as of the date of publication. DOI are listed

in the key resources table.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study participants

This prospective longitudinal study took place at the Hospital General Universitario de Elche (Spain) and included all cases of COVID-19

confirmed by real-time PCR (RT-PCR) from nasopharyngeal swab samples and admitted from 1 March 2020 to 31 July 2022. During the

COVID-19 pandemic, hospitalized patients with COVID-19 were managed according to a local protocol that outlined specific procedures

for diagnosis and treatment.30 Patients older than 18 years of age of both sexes were included. Long COVID was defined as having new

or ongoing symptoms four weeks or more after the start of acute COVID-19, in line with the National Institute for Health and Care Excellence

guidelines.31 Prospective information on the occurrence of SARS-CoV-2 reinfections not requiring hospital admissionwas not available during

follow-up. The study was approved by the institutional ethics committee as part of the COVID-19 Elx/Spain project. Written informed consent

for participation was not required for this study, in accordance with national legislation and institutional requirements.

METHOD DETAILS

COVID symptoms questionnaire

Follow-up assessments were performed using a self-administered questionnaire (Supplementary material) at the specified time points. Spe-

cifically, patients rated the presence and severity of 16 symptoms across four domains: general, respiratory, abdominal, and neuropsychiatric
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symptoms, using a 0–10-point visual analog scale (VAS). On initial analysis, the prevalence and severity of persistent symptoms were assessed

based on these scores, considering various definitions of long COVID-19 symptoms—some more stringent than others. Patients were clas-

sified as having long COVID-19 symptoms if they reported at least one symptom in any of the domains. If one of these symptoms was rated

with a score of 7 points or higher, they were classified as having severe long COVID-19 symptoms. The criterion of fatigue (its reported pres-

ence or a severity of 7 or more on the VAS) was used to define strict long COVID and strict severe long COVID, respectively.

We also conducted an analysis using standardized scores. With the aim of mitigating the impact of individual variations in patient re-

sponses and enabling cross-temporal comparison, Z-scores were computed for each symptom score and overall questionnaire scores. For

each symptom item, we calculated Z-scores by subtracting the item’s mean from the observed score and dividing the result by the item’s

standard deviation. This process was performedon a per-itembasis and using surveys from the same assessment time point. As for the overall

questionnaire scores, the Z score for each participant’s total score was computed by subtracting the mean total score and dividing by the

standard deviation of total scores. The resulting distribution of scores exhibited a mean of 0 points (standard deviation [SD] 1). Standardized

symptom scores or overall questionnaire scores that surpassed 2 SDs from the population scores at that time point were defined as severe

COVID symptoms; from 0 to 2 SDs, as symptoms of mild intensity; and below 0, as an absence of significant symptoms.
SARS-CoV-2 antibody levels

To assess humoral immunity against SARS-CoV-2 at the time of hospital admission, plasma levels of anti-SARS-CoV-2 spike IgG were deter-

mined, as detailed elsewhere.32 The antibody levels determined by this technique have been correlated with neutralizing capacity against

various Omicron variants.33 Following discharge, structured follow-up was carried out at 1, 6, and 12 months.
SARS-CoV-2 viral genome sequencing

Variants of SARS-CoV-2 were identified through viral genome sequencing or multiplex PCR on archived nasopharyngeal samples obtained

from hospital COVID-19 admissions, as previously described.34 In patients with no available sample, the variant was assumed to be the prev-

alent one circulating in our health department during the period when admission occurred. In weeks where there was no predominant variant,

the variant variablewas consideredmissing. In the subset of patients with available spike SARS-CoV-2 RNAgene sequencing, the correspond-

ing viral clade was determined using the Nextclade tool.35
QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise stated, the analysis was carried out on the whole study cohort, including patients in whom the SARS-CoV-2 variant was

ascribed based on circulating infections as well as those in whom it was confirmed through sequencing or multiplex PCR. The Wilcoxon

test or Student’s t test was used to compare groups according to continuous variables, and the c2 test or Fisher’s exact test according to

categorical variables. Regression models were developed that controlled for potential confounders. In particular, all adjusted analyses

included the levels of anti-SARS-CoV-2 spike IgG in order to account for the potential impact of vaccine-induced, prior infection-induced,

or hybrid immunity against SARS-CoV-2. Additionally, gender, age, Charlson comorbidity index, the WHO COVID-19 severity score, which

are recognized predictors of clinical outcomes, and any clinically relevant variables that were significant in the univariate analysis were

also included.

To analyze standardized questionnaire scores and identify potential differences in persistent symptoms among viral variants, different

sensitivity analyses were carried out. Firstly, the proportions of patients with severe symptoms at each visit were compared across variants

according to standardized scores. Secondly, linear regression models of standardized symptom scores and composite scores were con-

structed, adjusting for gender, age, levels of anti-spike SARS-CoV-2 IgG immunoglobulin at hospital admission, and the SARS-CoV-2 viral

variant (Omicron vs. pre-Omicron). Thirdly, to mitigate selection biases when comparing potentially dissimilar populations (patients infected

with the Omicron versus other variants) that are non-contemporaneous and possess distinct comorbidity profiles, the regression analysis was

replicated, incorporating infected patients with the Omicron variant matched through propensity scores to a similar group of those infected

with other variants. The covariates for propensity matching included gender, age, Charlson comorbidity index, and the WHO COVID-19

severity score. In Table S5, the balance between the groups is depicted after matching through propensity. Finally, the analyses were

repeated, considering only patients in whom the variant was confirmed through sequencing.

In the subgroup of participants with available viral sequence data and surveys across all study visits, we conducted an exploratory cluster

analysis to investigate potential associations between viral clades and symptom profiles. The objective of this analysis was to cluster distinct

viral clades based on reported symptom patterns. The Ward linkage method was employed for clustering, utilizing the Euclidean distance as

the similarity metric. Subsequently, a principal component analysis (PCA) was executed to reduce the dimensionality of the symptom ques-

tionnaire scores. After the PCA, we evaluated the coherence of the previously derived cluster groupings with respect to viral clades, utilizing

visual scrutiny of viral clades through PCA to validate the robustness of these patterns. This analysis has been conducted in two ways: firstly,

incorporating all symptoms from the questionnaire, and secondly, including only the symptoms from each individual domain separately. Sta-

tistical analyses were performed using R software (R-Core Team 2020, R-4.1.2.1). We used case-wise deletion, without data imputation,

because missingness rates were small for all variables (Table S1).
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