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Objectives: This study aimed to examine the incidence of symptoms that
indicate neurological or pulmonary complications after recovery from mild to
moderate COVID-19.

Methods: The study included 138 adult outpatients who underwent testing that
included chest X-ray (CXR), complete blood count (CBC), C-reactive protein
(CRP), interleukin 6 (IL-6), and D-dimer assessments during the acute phase of
the illness. In addition, 30 days after being classified as convalescent, serological
tests for IgM and IgG antibodies against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) were performed, and the patients were asked to
complete a survey assessing their overall wellbeing.

Results: The most common sequelae included decreased physical efficiency
(35%), weakness (24%), difficulty concentrating (16%), and memory problems
(15%), which were correlated with abnormal chest X-ray findings. Seroconversion
to anti-SARS-CoV-2 IgG was detected in 49 (87.5%) out of 56 patients tested and
was more common among those with a more severe course of the infection.
Conclusion: Individuals with mild to moderate COVID-19 are likely to experience
persistent neurocognitive symptoms. Patients with initial abnormal chest X-ray
findings and elevated inflammatory parameters are more likely to seroconvert
to anti-SARS-CoV-2.
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Introduction

In late 2019, a novel and highly transmissible coronavirus known as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in the city of Wuhan in China
(1). Patients with SARS-CoV-2 infection can experience a wide range of clinical manifestations,
which can vary from being asymptomatic to experiencing critical illness (2). Although most
individuals with mild to moderate illness can be managed at home, they may exhibit significant
variability in terms of inflammatory reactions, pulmonary manifestations, and the expression
of protective antibodies (3, 4).
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Persistent complications of COVID-19 can affect the function of
several organs, including the lungs, heart, and brain. Commonly
reported symptoms such as persistent cough, dyspnea, and fatigue
(5-7) can last for weeks, months, or even years (8). More than half of
COVID-19 survivors report experiencing at least one lingering effect,
known as a sequela, 1 month after infection. The most prevalent
sequelae include pulmonary complications and neurological or mental
health disorders, such as functional mobility impairments, difficulty
concentrating, generalized anxiety disorder, overall functional
impairment, and fatigue or muscle weakness (9).

While numerous studies have investigated the outcomes of
severe COVID-19 infections, research on the recovery of patients
from less severe cases remains limited. In this study, we followed
up outpatients with a mild to moderate course of COVID-19 and
examined the incidence of symptoms indicating neurological or
pulmonary complications following their recovery from the acute
infection. The impact of initial chest X-ray (CXR) findings,
laboratory parameters, and seroconversion to anti-SARS-CoV-2
IgG was evaluated.

Methods

We followed up adult patients (> 18 years old) who were
diagnosed with COVID-19 between 1 June 2020 and 6 July 2020 at the
Emergency Department of the Infectious Disease Hospital in
‘Warsaw, Poland.

Patients with suggestive symptoms were tested for COVID-19
using the reverse transcription polymerase chain reaction (RT-PCR).
Individuals with a positive RT-PCR test for SARS-CoV-2 from a
nasopharyngeal swab and who did not require hospitalization (no
oxygen therapy needed) were enrolled in the study and invited for an
assessment visit within 3-7 days. Testing for the presence of SARS-
CoV-2 RNA in nasopharyngeal swabs was performed every 7 days.
Patients with two sequential negative RT-PCR results were classified
as convalescent and scheduled for an appointment 30 days later. On
average, it took 69 days (38-107, median 69) from the initial diagnosis
to recovery.

During the initial visit, the patients underwent a chest X-ray
(CXR) and the following blood tests: complete blood count
(CBC), C-reactive protein (CRP), interleukin 6 (IL-6), and
D-dimer. The chest X-ray included posterior-anterior (PA) and
lateral projections, which were independently analyzed by two
radiology specialists.

Although chest X-ray are characterized by lower sensitivity
compared to chest computed tomography (CT), it was selected
due to their accessibility and speed, especially for ambulatory
patients (10). This strategy was in line with the reccommendations
of the American College of Radiology and the European Society
of Radiology for COVID-19 screening and diagnosis at that
time (11).

During the last visit serological tests (IgM and IgG anti SARS-
CoV-2) were performed and patients were asked to complete a survey
assessing their wellbeing which included: general weakness, decreased
physical efficiency, dyspnea while resting, dyspnea during physical
activity, cough, loss of smell, loss of taste, burning of the skin,
itchy skin, arthralgia, problems with concentration and memory
(Supplementary Figure 1).
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Statistical analysis

The distribution of variables was analyzed using the Shapiro-
Wilk test. In the absence of a normal distribution of variables, the
results were presented as median values and interquartile ranges (Md
and IQR). The Mann-Whitney U test and the chi-squared test were
performed to compare the groups. Variables associated with an
increased likelihood of pneumonia and the occurrence of certain
symptoms were identified using multivariate logistic regression
analysis. The construction of the multivariate model was based only
on those variables whose p-value of significance in the univariate
analysis was not greater than 0.1. The level of statistical significance
was set at a p-value of <0.05. All analyses were performed using
Statistica software, version 13.1 (StatSoft), with a medical add-on.

Results

Of the 3,185 patients evaluated at the Emergency Department of
the Infectious Disease Hospital in Warsaw, Poland, 554 tested positive
for SARS-CoV-2. Of these, 138 patients (65 women and 73 men) who
did not require hospitalization were included in the study. The median
age at diagnosis was 40 years (age range: 1882 years). The majority of
individuals were recruited in June 2020, with only one patient enrolled
in July 2020. They were followed up until 25 September 2020. On
average, 69 days (38-107, median 69) passed from initial diagnosis to
recovery (Table 1).

In 42 (30%) patients, the initial chest X-rays revealed abnormalities
indicative of COVID-19 pneumonia. These patients were statistically
older (p < 0.001), had higher concentrations of CRP (p < 0.001), IL-6
(p <0.001), and D-dimer (p <0.001), and exhibited lower
concentrations of hemoglobin (p = 0.006) compared to those without
pneumonia (lable 2).

The univariate logistic regression analysis revealed that age (over
60 years), CRP, IL-6, D-dimer, hemoglobin concentrations, and platelet
count were associated with an increased risk of pneumonia. However,
in the multivariate logistic regression model, only CRP concentration
was identified as an independent risk factor for pneumonia (OR = 1.062;
95% Cl 1.008-1.119; p = 0.023) (Table 3; Figure 1).

In the survey completed by the convalescents (n = 55), decreased
physical efficiency (n = 19, 35%), weakness (n = 13, 24%), difficulty
concentrating (n = 9, 16%), and memory problems (1 = 8, 15%) were
the most commonly reported symptoms. These symptoms were
followed by dyspnea during physical activity (n = 6, 11%), persistent
cough (n =6, 11%), loss of smell (n = 5, 9%), arthralgia (n = 5, 9%),
loss of taste (n =3, 5%), and itchy skin (n =2, 4%). A total of 33
patients had no complaints about their health, and 5 patients reported
only one symptom (3 of them reported decreased physical efficiency).
Dyspnea during physical activity was the only symptom that was
statistically associated with older age (p = 0.03).

Patients with initial abnormal chest X-ray findings were more
likely to experience weakness (p =0.04), dyspnea during physical
activity (p =0.008), arthralgia (p =0.008), memory problems
(p =0.017), and persistent cough (p = 0.019). Furthermore, women
were more likely to report persistent cough (p = 0.048) and difficulty
concentrating (p = 0.033; Table 4; Figure 2).

A total of 49 (87.5%) out of 56 tested patients revealed the
presence of anti-SARS-CoV-2 IgG antibodies in the blood.
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TABLE 1 Baseline characteristics of the study population.

Demographics

Study population

(standard range)

n =138
Age, years, mean (SD) 46 (16.16)
‘Women, gender 1 (%) 65 (47%)
Men, gender 7 (%) 73 (53%)
Abnormalities in the initial chest X-ray, n (%) 42 (30%)
Abnormal parameter results Study population

n = 138, mean (SD)

CRP (< 10 mg/L)

27.1 mg/L (41.9)

IL-6 (< 7 pg./mL)

12.1 pg./mL (20.3)

D-dimer (< 500 ng/mL)

622.6 ng/mL (711.8)

Hgb (13.7-16.7 g/dL)

14.2 g/dL (1.6)

PLT (125-396 G/L)

247.3 G/L (105.9)

WBC (3.98-10.04 10°/ul)

6.0 10°/ul (1.8)

Characteristics

Study population

patients), n (%)

n =56
Seroconversion to anti-SARS-CoV-2 IgG, n (%) 49 (88%)
Duration from initial diagnosis to recovery, days, 69 (16.5)
mean (SD)
Symptoms lasting more than 12 weeks (out of 45 13 (29%)

Symptoms Study population
n =55
Decreased physical efficiency, n (%) 19 (35%)
Weakness, 1 (%) 13 (24%)
Difficulty concentrating, n (%) 9 (16%)
Memory problems, 1 (%) 8 (15%)
Dyspnea during physical activity, 7 (%) 6 (11%)
Persistent cough, n (%) 6 (11%)
Loss of smell, n (%) 5(9%)
Arthralgia, n (%) 5(9%)
Loss of taste, n (%) 3(5%)
Itchy skin, n (%) 2 (4%)

CRP, C-reactive protein; IL-6, interleukin 6; Hgb, hemoglobin; PLT, platelet count; WBC,

white blood cell count.

10.3389/fmed.2025.1429529

The patients with pneumonia, compared to those with normal chest
X-ray results, were more likely to be positive for anti-SARS-CoV-2 IgG
(100% vs. 77%, p = 0.021). Furthermore, seroconversion was more
common in the patients with elevated levels of CRP (p = 0.023), IL-6
(p =0.004), and D-dimer (p = 0.0005), as well as in the older patients
(p=10.006). There was no difference in anti-SARS-CoV-2 seroconversion
between genders (p = 0.31118; Table 5; I'igure 3).

Neither laboratory parameters, age, nor chest X-ray results
appeared to be a predisposing factor for seroconversion in the
univariate and multivariate analyses.

Discussion

Post-acute sequelae can affect convalescents regardless of their
age or the severity of infection, including non-hospitalized patients
(12). Earlier findings suggest that up to 56% of patients hospitalized
for COVID-19 experience neuropsychiatric complications 1 month
after discharge, and the incidence of psychiatric illness within 14 and
90 days after SARS-CoV-2 infection is estimated at 18% (13, 14).
Persistent hypoxemia was reported in approximately 6% of patients,
chest pain was experienced in 20%, and ongoing myocardial
inflammation was present in up to 60% of post-acute COVID-19
patients at the two-month follow-up (15).

The main aim of our study was to correlate symptoms and routine
test results with pulmonary and neurological sequelae in 138 patients
diagnosed with mild or moderate SARS-CoV-2 infection. In addition,
we analyzed the prevalence of pneumonia during the acute phase of
infection and seroconversion to anti-SARS-CoV-2 30 days after
viral clearance.

Previous studies have reported general symptoms such as
weakness and fatigue as the most common symptoms among post-
COVID-19 patients, followed by mental, cardiopulmonary, and
neurological symptoms (16, 17). After severe forms of COVID-19,
post-infection complications are common and pronounced; for
example, cognitive impairment has been reported to be more
prominent in patients with more severe forms of disease (18) and
prolonged hospital stays (17). However, individuals with moderate or
mild disease who stayed at home during the acute phase and did not
require oxygen support were not free from sequelae (19).

In our study, the most common sequelae of COVID-19 were
decreased physical efficiency (35%), weakness (24%), difficulty

TABLE 2 Age and laboratory test results in patients with normal or pneumonia-related changes on the initial chest X-ray.

Parameter Normal Pneumonia
Median Median

Age 38.00 20.00 56.00 22.00 0.000029
CRP (mg/l) 6.00 8.00 28.00 46.00 0.000005
1L-6 (pg/ml) 1.50 1.30 10.75 29.70 0.000006
D-dimer (ng/ml) 275.32 195.54 692.87 756.73 <0.000001
Hemoglobin (g/dl) 15.00 2.30 13.95 2.30 0.006
Platelets (G/I) 229.00 88.00 254.50 134.00 0.21
Leukocytes (G/1) 5.60 2.20 6.35 2.60 0.07

Analysis performed using the Mann-Whitney U test; CRP, C-reactive protein; IL-6, interleukin 6.
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concentrating (16%), and memory problems (15%), all of which
correlated with abnormal initial chest X-ray results. The chest
X-ray results revealed changes indicative of COVID-19
pneumonia in 42 (30%) patients. Patients with pneumonia were
statistically older and had higher levels of inflammatory markers
(CRP, IL-6, and D-dimer).

Persistent inflammation caused by viral persistence, immune
dysregulation, or autoimmunity can be the cause of continuing
symptoms following COVID-19 (20, 21), and mild or moderate
infection can also trigger a prolonged immune response (22).
Furthermore, it has been observed that the development of pneumonia

TABLE 3 Association between variables and abnormal chest X-ray results
in the univariate logistic regression analysis.

Variables (0] 95% ClI p-value
Gender 0.792 0.361-1.738 0.5604
Age 1.057 1.028-1.087 0.0001
18-29 years 1.000

30-39 years 1.875 0.298-11.780 0.503
40-49 years 6.429 1.217-33.971 0.0285
50-59 years 5.625 0.915-34.574 0.0623
60-69 years 18.000 2.955-109.662 0.0017
> 70 years 17.500 2.365-129.510 0.0051
CRP (mg/l) 1.063 1.030-1.098 0.0002
IL-6 (pg/ml) 1.076 1.027-1.128 0.0021
D-dimer (ng/ml) 1.003 1.001-1.005 0.0002
Hemoglobin (g/dl) 0.663 0.494-0.888 0.0059
Platelets (G/1) 1.004 1.000-1.009 0.0458
Leukocytes (G/1) 1.260 0.990-1.603 0.0602

CRP, C-reactive protein; IL-6, interleukin 6; OR, odds ratio; CI, confidence interval.

10.3389/fmed.2025.1429529

delays viral clearance, which could, in turn, cause residual
immunological alterations (23, 24).

Neurological and cognitive dysfunction after COVID-19 may
result from direct damage to the central nervous system (25). The
hippocampus, which serves as a critical memory center (26), is
particularly vulnerable to SARS-CoV-2 infection (25). The virus has
been found to infect brain cells, stimulate glial cells, and induce a
pro-inflammatory state in the brain (7, 27). SARS-CoV-2 binds to the
cells via the S1 subunit of its spike protein, and it has been shown that
radioiodinated S1, when administered intravenously and intranasally,
has the ability to cross the blood-brain barrier and enter the brain
(28). Neurocognitive complications are seen in both severe and mild
COVID-19 cases. Neocortical brain degeneration—primarily
affecting the fronto-parietal brain and the right thalamus—has been
detected in individuals who recovered from SARS-CoV-2 infection.
Although this degeneration was more pronounced in those with
severe infection, it was also present in patients with asymptomatic or
mild COVID-19 (29).

As mentioned above, we also analyzed seroconversion to anti-
SARS-CoV-2 IgG antibodies 30 days after viral clearance. Anti-
SARS-CoV-2 IgG antibodies were detected in 49 out of 56 tested
patients (87.5%), and this seroconversion was statistically more
common in patients with a more severe course of COVID-19 (as
indicated by abnormal chest X-ray results and higher CRP and
D-dimer concentrations).

There is a positive correlation between the severity of the disease
and the prevalence and titers of anti-SARS-CoV-2 IgG antibodies (30,
31). Huan Ma et al. showed that antibody levels in patients with
moderate to severe COVID-19 were higher compared to those with
mild disease (32). The prolonged course of the disease, along with
longer exposure to the virus, may also provide a timeframe for
enhanced antibody affinity maturation (33).

In the study by Young HS et al., which involved individuals with
asymptomatic disease, younger participants had a lower rate of

700
600
500
400

Median

300

200
56

age

[ ]
CRP (mg/l)

6

Normal

FIGURE 1
Age and laboratory test results using the Mann-Whitney U test.
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TABLE 4 Symptoms reported by convalescents (n = 55) 30 days after the virus elimination based on chest X-ray results and gender.

Symptoms Patients with or without pneumonia Gender

Normal chest Abnormal chest  p-value Woman Mann =73 p-value

X-rayn = 61 X-ray n = 42 n =65
Weakness (n = 13) 5(38%) 8(62%) 0.040 7 6 0.381
Decreased physical efficiency (n = 19) 8 (42%) 10 (53%) 0.066 11 8 0.178
Dyspnea while resting - - - - - -
Dyspnea during physical activity (1 = 6) 0 5(83%) 0.008 4 2 0.269
Persistent cough (1 = 6) 1(17%) 3(50%) 0.019 5 1 0.048
Loss of smell (n = 5) 3 (60%) 2 (40%) 0.832 2 3 0.797
Loss of taste (n = 3) 2 (67%) 1(33%) 0.689 2 1 0.448
Burning of the skin - - - - - -
Itchy skin (n = 2) 0 1(50%) 0.258 2 0 0.115
Arthralgia (n = 5) 1(20%) 4(80%) 0.008 4 1 0.104
Difficulty concentrating (n = 9) 3(33%) 5(56%) 0.055 7 2 0.033
Memory problems (1 = 8) 2 (25%) 5(63%) 0.017 6 8 0.069

Analysis was performed using the chi-squared test; % = percentage of individuals reporting a symptom.

TABLE 5 Characteristics of patients with or without seroconversion to anti-SARS-CoV-2 IgG.

Parameter Anti-SARS-CoV-2 IgG
Positive result Negative result
Median (@] Median (@]

CRP (mg/l) 17.00 34.00 6.00 1.00 0.02
1L-6 (pg/ml) 5.80 18.15 1.50 0.00 0.004
D-dimer (ng/ml) 459.98 544,34 182.42 69.57 0.0005
Hemoglobin (g/dl) 14.25 2.30 15.35 2.20 0.20
Platelets (G/I) 234.00 123.00 221.00 19.00 0.77
Leukocytes (G/1) 575 2.30 4.70 3.00 0.54
Age (years) 47.00 23.00 31.00 16.00 0.006

Analysis was performed using the Mann-Whitney U test; CRP, C-reactive protein; IL-6, interleukin 6; IQR, interquartile range.

Mild-to-moderate COVID-19 patients

100%
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FIGURE 2
Mild-to-moderate COVID-19 patients.
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Association with abnormal chest X-ray result
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FIGURE 3
Association with abnormal chest X-ray result in univariate logistic regression analysis.

antibody positivity than older participants (34). However, the opposite
was observed in our cohort, which could be the result of a more severe
course of infection among older adults (35).

Our study is not without limitations. Of these, the lack of
information about comorbidities and the low number of returned
questionnaires appear to be the most significant.

In summary, we found that elevated basic inflammatory
parameters, particularly C-reactive protein concentration, are
associated with the development of pneumonia and that patients
with abnormal chest X-ray findings and elevated inflammatory
parameters are more likely to seroconvert to anti-SARS-CoV-2
antibodies. Furthermore, outpatients with mild to moderate
COVID-19 are likely to develop persistent neurological and
neurocognitive symptoms.

Data availability statement

The data analyzed in this study is subject to the following licenses/
restrictions: contain information that can identify indivudals. They are
stored in protected files and requests to access these datasets should
be directed to Agnieszka Bednarska abednarska@zakazny.pl.

Ethics statement

The studies involving humans were approved by Consent of the
Komisja Bioetyczna (Bioethical Commission), Medical University of
Warsaw no. AKBE/122/2021. Due to the retrospective nature of the
study, the bioethics committee did not require the researchers should
obtain informed consent from the subjects whose data were analysed.

Frontiers in Medicine

The studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent for
participation was not required from the participants or the
participants’ legal guardians/next of kin in accordance with the
national legislation and institutional requirements.

Author contributions

AB: Conceptualization, Data curation, Funding acquisition,
Investigation, Methodology, Supervision, Writing — original draft,
Writing — review & editing, Project administration, Validation. MR:
Supervision, Writing — review & editing. TL: Supervision, Writing —
review & editing. DB: Formal analysis, Writing - review & editing. NB:
Data curation, Resources, Writing - review & editing. MM:
Conceptualization, Data curation, Writing — review & editing. IS-B: Data
curation, Writing - review & editing. MP: Conceptualization, Writing —
review & editing. DP: Writing - review & editing, Conceptualization. MH:
Conceptualization, Writing — review & editing. JK: Supervision, Writing
- review & editing. AF-D: Visualization, Writing - review & editing. AH:
Funding acquisition, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The study was supported by
Fundacja Rozwoju Nauki w Wojewddzkim Szpitalu Zakaznym
(Foundation for the Development of Infectious Diseases at the
Voivodship Infectious Diseases Hospital) and Agencja Badan
Medycznych (Medical Research Agency).

frontiersin.org



Bednarska et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Hu B, Guo H, Zhou P, Shi ZL. Characteristic of SARS-CoV-2 and COVID-19. Nat
Rev Microbiol. (2021) 19:141-54. doi: 10.1038/s41579-020-00459-7

2. Wiersinga WJ, Rhodes A, Cheng AC, Peacock SJ, Prescott HC. Pathophysiology,
transmission, diagnosis, and treatment of coronavirus disease 2019 (COVID-19). JAMA.
(2020) 324:782-93. doi: 10.1001/jama.2020.12839

3. Gandhi RT, Lynch JB, del Rio C. Mild to moderate Covid-19. N Engl ] Med. (2020)
383:1757-66. doi: 10.1056/NEJMcp2009249

4. World Health Organization. (2023). Clinical management of COVID-19. Available
online at: https://files.magicapp.org/guideline/be40cb35-5101-4307-8ac6-06b5694
bf575/published_guideline_6915-7_0.pdf [Accessed February 15, 2025].

5. Nasserie T, Hittle M, Goodman SN. Assessment of the frequency and variety of
persistent symptoms among patients with COVID-19: a systematic review. JAMA Netw
Open. (2021) 4:€2111417. doi: 10.1001/jamanetworkopen.2021.11417

6. Sanchez-Ramirez DC, Normand K, Zhaoyun Y, Torres-Castro R. Long-term impact
of COVID-19: a systematic review of the literature and Meta-analysis. Biomedicine.
(2021) 9:900. doi: 10.3390/biomedicines9080900

7. Wang E, Kream RM, Stefano GB. Long-term respiratory and neurological sequelae
of COVID-19. Med Sci Monit. (2020) 26:€928996. doi: 10.12659/MSM.928996

8. Center for Disease Control. (2025). About long COVID. Available online at: https://
www.whitehouse.gov/lab-leak-true-origins-of-covid-19/ [Accessed February 15, 2025].

9. Groff D, Sun A, Ssentongo AE, Ba DM, Parsons N, Poudel GR, et al. Short-term
and long-term rates of Postacute sequelae of SARS-CoV-2 infection: a systematic review.
JAMA Netw Open. (2021) 4:¢2128568. doi: 10.1001/jamanetworkopen.2021.28568

10. Martinez Chamorro E, Diez Tascon A, Ibafez Sanz L, Ossaba Vélez S, Borruel NS.
Radiologic diagnosis of patients with COVID-19. Radiologia. (2021) 63:56-73. doi:
10.1016/j.rx.2020.11.001

11. Saez de Gordoa E, Portella A, Escudero-Fernandez JM, Andreu S]. Usefulness of
chest X-rays for detecting COVID 19 pneumonia during the SARS-CoV-2 pandemic.
Radiologia. (2022) 64:310-6. doi: 10.1016/j.rxeng.2021.11.003

12. van Kessel SAM, Olde Hartman TC, Lucassen PLBJ, van Jaarsveld CHM. Post-
acute and long-COVID-19 symptoms in patients with mild diseases: a systematic review.
Fam Pract. (2022) 39:159-67. doi: 10.1093/fampra/cmab076

13. Sabry W, El Dien MB, Elsherbiny AIZ, El Nagar ZM. Early post-COVID-19
common psychiatric complications: role of basic inflammatory, coagulation, and clinical
risk factors. Middle East Curr Psychiatry. (2023) 30:112. doi: 10.1186/s43045-023-00376-4

14. Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS, et al.
Post-acute  COVID-19  syndrome. Nat Med. (2023) 27:601-15. doi:
10.1038/s41591-021-01283-z

15. Chopra V, Flanders SA, O'Malley M, Malani AN, Prescott HC. Sixty-day outcomes
among patients hospitalized with COVID-19. Ann Intern Med. (2021) 174:576-8. doi:
10.7326/M20-5661

16. Goel N, Goyal N, Spalgais S, Mrigpuri P, Varma-Basil M, Khanna M, et al. Initial
COVID-19 severity and long-COVID manifestations: an observational analysis. Thorac
Res Pract. (2023) 24:22-8. doi: 10.5152/ThoracResPract.2023.21307

17. Zhao Y, Shi L, Jiang Z, Zeng N, Mei H, Lu Y, et al. The phenotype and prediction
of long-term physical, mental and cognitive COVID-19 sequelae 20 months after
recovery, a community-based cohort study in China. Mol Psychiatry. (2023)
28:1793-801. doi: 10.1038/541380-023-01951-1

18. Henneghan AM, Lewis KA, Gill E, Kesler SR. Cognitive impairment in non-
critical, mild-to-moderate COVID-19 survivors. Front Psychol. (2022) 13:770459. doi:
10.3389/fpsyg.2022.770459

Frontiers in Medicine

10.3389/fmed.2025.1429529

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmed.2025.1429529/
full#supplementary-material

19. Walker TA, Truong AD, Summers A, Dixit AN, Goldstein FC, Hajjar I, et al. Mild
antecedent COVID-19 associated with symptom-specific post-acute sequelae. PLoS One.
(2023) 18:20288391. doi: 10.1371/journal.pone.0288391

20. Peluso MJ, Lu S, Tang AF, Durstenfeld MS, Ho HE, Goldberg SA, et al. Markers of
immune activation and inflammation in individuals with Postacute sequelae of severe
acute respiratory syndrome coronavirus 2 infection. J Infect Dis. (2021) 224:1839-48.
doi: 10.1093/infdis/jiab490

21. Yong SJ. Long COVID or post-COVID-19 syndrome: putative pathophysiology,
risk  factors, and treatments. Infect Dis. (2021) 53:737-54.  doi:
10.1080/23744235.2021.1924397

22. Wheatley AK, Juno JA, Wang JJ, Selva KJ, Reynaldi A, Tan HX, et al. Evolution of
immune responses to SARS-CoV-2 in mild-moderate COVID-19. Nat Commun. (2021)
12:1162. doi: 10.1038/s41467-021-21444-5

23. Lee HW, Yoon SY, Lee JK, Park TY, Kim DK, Chung HS, et al. Clinical implication
and risk factor of pneumonia development in mild coronavirus disease 2019 patients.
Korean ] Intern Med. (2021) 36:1-10. doi: 10.3904/kjim.2020.329

24. Alrajhi NN. Post-COVID-19 pulmonary fibrosis: an ongoing concern. Ann Thorac
Med. (2023) 18:173-81. doi: 10.4103/atm.atm_7_23

25. Ritchie K, Chan D, Watermeyer T. The cognitive consequences of the COVID-19
epidemic: collateral damage? Brain Commun. (2020) 2:fcaa 069. doi:
10.1093/braincomms/fcaa069

26. Lisman J, Buzsiki G, Eichenbaum H, Nadel L, Ranganath C, Redish AD.
Viewpoints: how the hippocampus contributes to memory, navigation and cognition.
Nat Neurosci. (2017) 20:1434-47. doi: 10.1038/nn.4661

27. Greene C, Connolly R, Brennan D, Laffan A, O'Keeffe E, Zaporojan L, et al. Blood-
brain barrier disruption and sustained systemic inflammation in individuals with long
COVID-associated cognitive impairment. Nat Neurosci. (2024) 27:421-32. doi:
10.1038/541593-024-01576-9

28. Rhea EM, Logsdon AF, Hansen KM, Williams LM, Reed MJ, Baumann KK, et al.
The S1 protein of SARS-CoV-2 crosses the blood-brain barrier in mice. Nat Neurosci.
(2021) 24:368-78. doi: 10.1038/s41593-020-00771-8

29.Bendella Z, Widmann CN, Layer JP, Layer YL, Haase R, Sauer M, et al. Brain
volume changes after COVID-19 compared to healthy controls by artificial intelligence-
based MRI volumetry. Diagnostics. (2023) 13:1716. doi: 10.3390/diagnostics13101716

30. Rodda LB, Netland J, Shehata L, Pruner KB, Morawski PA, Thouvenel CD, et al.
Functional SARS-CoV-2-specific immune memory persists after mild COVID-19. Cell.
(2021) 184:169-183.e17. doi: 10.1016/j.cell.2020.11.029

31. Marklund E, Leach S, Axelsson H, Nystrém K, Norder H, Bemark M, et al. Serum-IgG
responses to SARS-CoV-2 after mild and severe COVID-19 infection and analysis of IgG
non-responders. PLoS One. (2020) 15:€0241104. doi: 10.1371/journal.pone.0241104

32.Ma H, Zeng W, He H, Zhao D, Jiang D, Zhou P, et al. Serum IgA, IgM, and IgG
responses in COVID-19. Cell Mol Immunol. (2020) 17:773-5. doi:
10.1038/541423-020-0474-z

33. Nielsen SS, Vibholm LK, Monrad I, Olesen R, Frattari GS, Pahus MH, et al. SARS-
CoV-2 elicits robust adaptive immune responses regardless of disease severity.
EBioMedicine. (2021) 68:103410. doi: 10.1016/j.ebiom.2021.103410

34. Yang HS, Costa V, Racine-Brzostek SE, Acker KP, Yee J, Chen Z, et al. Association
of age with SARS-CoV-2 antibody response. JAMA Netw Open. (2021) 4:¢214302. doi:
10.1001/jamanetworkopen.2021.4302

35. Bartleson JM, Radenkovic D, Covarrubias AJ, Furman D, Winer DA, Verdin E.
SARS-CoV-2, COVID-19 and the ageing immune system. Nat Aging. (2021) 1:769-82.
doi: 10.1038/s43587-021-00114-7

frontiersin.org



