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INTRODUCTION

The COVID-19 pandemic has become one of the
greatest public health crises of the 21st century, claim-
ing millions of lives worldwide; Lithuania was among
the EU countries with particularly high excess mor-
tality rates, more than double the EU average [1-5].

While vaccination and advanced treatment op-
tions have significantly reduced severe disease forms
and mortality [6, 7], long-term consequences of
COVID-19 - commonly termed post-COVID syn-
drome or ‘long COVID’ - have emerged as a major
concern. According to the World Health Organization
(WHO), post-COVID syndrome is characterized by
persistent or newly developed symptoms lasting at
least 3 months after confirmed SARS-CoV-2 infec-
tion, without an alternative diagnosis, significantly
impairing daily functioning [8]. Recent meta-analyses
demonstrate that 10-40% or more of recovered in-
dividuals still experience at least one post-COVID
symptom for one to two years after infection [9-17].
Respiratory impairment is among the most common
components, manifesting as deteriorated pulmonary
function tests, radiological lung changes, and reduced
exercise tolerance, with some patients showing reduced
diffusion capacity (DLCO) and persistent radiological
abnormalities even 6-24 months post-illness [6, 11,
18-22]. Quality of life studies have similarly revealed
significantly worse physical and mental health, limited
work capacity, and reduced social activity even one
year post-infection [23-26].

Immune system alterations play a crucial role in
post-COVID syndrome pathogenesis: variable im-
munoglobulin responses (IgG, IgA, IgM), reduced
or imbalanced T lymphocyte and NK cell counts,
autoantibody formation, and complement (C3, C4)
changes have all been implicated as possible prognostic
markers or therapeutic targets [27-36]. However, the
prognostic significance of these mechanisms remains
insufficiently investigated, and standardized markers
for post-COVID condition development are still be-
ing sought [10, 37]. Despite abundant international
research, Lithuania has lacked systematic prospective
studies comprehensively investigating the long-term
consequences of COVID-19 across clinical, pulmonary
function, radiological, immunological, and quality-of-
life domains together [38, 39] — research that is essen-
tial for identifying risk groups, prognostic factors, and
optimal long-term care strategies in our population.

AIM AND OBJECTIVES OF THE THESIS

Aim

To evaluate the long-term effects of COVID-19 on
the respiratory system and health-related quality of
life over a 12-month follow-up period, to identify risk
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groups for post-COVID syndrome, and to determine
potential immunological prognostic biomarkers.

Objectives

1. To assess the dynamics of pulmonary function
parameters (FEV,, FVC, FEV/FVC, DLCO)
and radiological lung changes identified by
computed tomography over 12 months following
COVID-19 infection.

2. To analyze the longitudinal changes in immu-
nological parameters, including immunogram
markers (CD4+, CD8+, NK cells, B lymphocytes,
activated T lymphocytes), components of the
complement system (C3c, C4), and immunoglo-
bulins (IgA, IgG, IgM, IgE), during the 12 months
after SARS-CoV-2 infection.

3. To determine the associations between im-
munological parameters, pulmonary function
measures, radiological lung abnormalities, and
the clinical manifestations of post-COVID syn-
drome.

4. To evaluate changes in health-related quality of
life using the SF-36 questionnaire over 12 months
following COVID-19 infection, and to identify
factors influencing the recovery process.

RESEARCH MATERIALS AND METHODS

Research environment, subjects, and selection

criteria

The study was conducted at Vilnius University Hos-
pital Santaros Klinikos (VUH SK). Participants were
enrolled and followed up at the Center for Infectious
Diseases; lung function tests were performed at the
Pulmonology and Allergology Center, radiological
examinations at the Radiology and Nuclear Medicine
Center, and laboratory tests at the Laboratory Medicine
Center of VUH SK. The study was approved by the
Vilnius Regional Biomedical Research Ethics Com-
mittee (protocol No. 2020/6-1233-718; June 22, 2020)
and conducted in accordance with the Declaration of
Helsinki; all participants provided written informed
consent.

Adult patients with SARS-CoV-2 infection con-
firmed by RT-PCR and treated at the VUH SK Center
for Infectious Diseases between October 2021 and
October 2022 were eligible if they had radiologically
confirmed pneumonia, no known chronic lung disease,
malignancy, or immunodeficiency at discharge, and
were able to attend three follow-up visits (at 3, 6, and
12 months post-discharge) and complete the study
assessments.

To address the aim and objectives, three research
pathways were defined, and participants were allocated
sequentially into three study groups (each planned to
include 100 subjects). Group 1 underwent long-term
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assessment of lung function, structural lung changes
(chest CT), and cellular immunity. Group 2 was evalu-
ated for long-term clinical symptoms and their associa-
tions with cellular and humoral immunological blood
parameters. Group 3 underwent clinical assessment
and health-related quality of life evaluation using the
SF-36 questionnaire. All assessments were repeated at
each follow-up visit, except chest CT, which was not
repeated in patients without radiological abnormalities
at the first visit.

Lung function tests, radiological examinations,

and blood tests

Lung function tests (Vmax Encore, Viasys' Health-
care) measured FVC, FEV, the FEV,/FVC ratio, TLC,
VC, RV, and DLCO (adjusted for blood hemoglobin),
presented as absolute values and/or percentages of
the predicted norm. Chest CT (two spiral CT scan-
ners, low-dose lung protocols) was evaluated by two
independent radiologists for ground-glass opacity,
consolidation, parenchymal bands, structural deformi-
ties, air bronchograms, and bronchiectasis, classified as
inflammatory or fibrotic/reticular changes; each of the
five lung lobes was scored 0-5 for severity per change
type, following a method used in previous studies
of SARS-induced pulmonary fibrosis [40, 41]. Peri-
pheral blood lymphocyte subsets (CD3+, CD3+CD4+,
CD3+CD8+, CD4/CD8 ratio, CD4+/CD28+/CD192+,
CD8+/CD28+/CD192+, NK, CD19+, and activated
CD3+HLA-DR+ T cells) were determined by flow
cytometry (FACSCalibur, BD Biosciences); serum im-
munoglobulins (IgA, IgG, IgM, IgE) and complement
components (C3c, C4) were measured by nephelom-
etry (BN analyzer, Siemens Healthcare Diagnostics).
All laboratory analyses were performed blinded to
clinical data, with daily calibration and external qual-
ity assessment.

Quality of life questionnaire and statistical

analysis

Health-related quality of life was assessed using
the SF-36 questionnaire (eight domains combined
into physical and mental health summary categories,
each scored 0-100, higher indicating better quality
of life); the Lithuanian ver-

comparisons used the Wilcoxon signed-rank test,
Mann-Whitney U test, McNemar’s test, x*, or Fisher’s
exact test, as appropriate; associations were assessed
by multivariable linear or logistic regression. Symp-
tom-immune associations in Group 2 were explored
through unsupervised clustering (Gower distance,
Ward’s method), with cluster stability confirmed
by 1,000 bootstrap resamples. In Group 3, clinical
significance was evaluated using minimal clinically
important differences (MCID) [43, 44], and 12-month
SF-36 scores were compared with Lithuanian popula-
tion norms [45]. A two-tailed p < 0.05 was considered
statistically significant.

RESULTS

First study group results

This group included 100 subjects. Of these, 85
completed the 12-month follow-up period and were
included in the final analysis: 40 (47.1%) were female,
and 45 (52.9%) were male. The median age of the
subjects was 59 years (IQR 51-64). In terms of disease
severity, 53 (62.4%) subjects had recovered from criti-
cally severe COVID-19, and 32 (37.6%) had recovered
from severe COVID-19.

The main reasons why some patients did not com-
plete the study were logistical or personal constraints
on attendance. There were no significant differences in
baseline characteristics between those who completed
the study and those who did not.

Pulmonary function tests

Pulmonary function tests were performed for all
85 participants during the follow-up period at all 3
scheduled visits. Significant improvement in pulmo-
nary function was observed over time. Forced vital
capacity (FVC), forced expiratory volume in the first
second (FEV)), and vital capacity (VC) improved when
comparing 3, 6, and 12 months post-illness (p < 0.05).
Lung diffusion capacity (DLCO) also improved but sig-
nificantly more slowly compared to other parameters;
after 12 months, when assessed according to individual
normal ranges, it remained reduced in 14 patients
(16.47%). The detailed dynamics of pulmonary func-
tion test results are presented in Table 1.

Table 1. Pulmonary function test results at 3, 6, and 12 months post-discharge, presented as

sion has been formally vali-  median % of the predicted value (IQR)

dated [42]. Statistical analysis
Parameter Month 3

Month 6 Month 12 p1 p2 p3

was performed using IBM

SPSS version 20.0. Continu- | FYC % 95(85-106) | 99.5(89-111.75) | 101(88.5-112.5) | <0.001 | <0.001 | 0.123
ous variables not normally | FEV:, % 96 (85.5-106) | 99.5 (90.3-108.75) | 103.0 (88.5-110.5) | 0.005 | 0.002 | 0.032
distributed (Shapiro-Wilk | FEvi/FvC 83 (80.5-86) 83 (78-85) 82 (79-85.5) 0.007 | 0.181 | 0.214
test) are presented as median | yc, o 96 (84-110) | 102(92-112.75) | 103(90.5-113) |<0.001| 0.001 | 0.431
(IQR) or mean + SDj; cate- [/, 76 (64-84.5) | 77 (68-86.75) 79(71.5-845) | 0.127 | 0.054 | 0.658

gorical variables as frequen-
cies and percentages. Group ity;VC - vital capacity.

DLCO - lung diffusion capacity; FEV: - forced expiratory volume in the first second; FVC - forced vital capac-
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The FEV,/FVC ratio essentially did not change and
remained within normal personal limits for most
participants, thereby indicating that bronchial ob-
struction was not characteristic of this study group.
However, restrictive respiratory function impairment
was identified in 24.71% of participants at 3 months;
its frequency decreased statistically significantly to
20.24% at 6 months and to 14.8% at 12 months.

Radiological lung changes

Lung CT scans were performed on 76 of the 85
subjects after 6 months and on 79 subjects after 12
months. Nine patients underwent the scan for other
reasons before their 6-month visit, and, in the absence
of clinical need, it was not repeated to avoid excessive
radiation exposure. At the 12-month visit, 6 patients
did not undergo a repeat CT scan: 4 patients refused
the scan, and 2 patients underwent the scan in the
interim period for other reasons.

After 6 months, inflammatory changes in the lungs
were found in 77.63% of the subjects, most affecting the
lower lobes (RLL 73.68%, LLL 69.74%) and, to a lesser
extent, the upper lobes (~64%); the total CT score for
inflammatory changes was 8 (IQR 1-14). After 12
months, inflammatory changes remained in 69.62% of
the subjects (RLL 64.56%, RML 48.10%, RUL 53.16%,
LLL 60.76%, LUL 54.43%), and the total score fell to 6
(IQR 0-12; p < 0.001 vs. 6 months). Fibrotic/reticular
changes followed a similar pattern: present in 82.89%
at 6 months (score 6, IQR 2-11, again predominating
in the lower lobes) and 73.08% at 12 months (score
4.5,IQR 0-10; p < 0.001 vs. 6 months).

CT severity scores indicated that lobe lesions at 6 and
12 months were mostly mild (1-2 points), except for
the RLL, where lesions were moderate (>25% of the
lobe) in 46.05% of patients at 6 months and 21.52% at
12 months. Both inflammatory and fibrotic/reticular
severity scores decreased significantly between 6 and
12 months for most lobes.

Immunological markers

White blood cell (WBC), lymphocyte, and lym-
phocyte subpopulation counts were performed for
84 patients at 3 months, 65 patients at 6 months, and
59 patients at 12 months. CD4+/CD28+/CD192+
counts were conducted for 81 patients at 3 months,
59 patients at 6 months, and 55 patients at 12 months,
while CD8+/CD28+/CD192+ counts were performed
for 81 patients at 3 months, 60 patients at 6 months,
and 55 patients at 12 months. WBC, lymphocyte, and
lymphocyte subpopulation counts were compared
across the three time points.

The WBC count did not change significantly be-
tween months 3, 6, and 12 post-discharge. However,
a statistically significant decrease in the lymphocyte
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count, CD3+ cells, and CD8+ cells was observed at
month 12 compared to month 3 post-COVID-19.
Additionally, the number of CD3+HLA-DR+ cells
decreased significantly in month 12 compared to both
month 3 and month 6.

Association of pulmonary function tests,

radiological findings, and immunological markers

Patients with a restrictive spirometry pattern had
higher scores for CT inflammatory and fibrotic/reticu-
lar changes at acute COVID-19 and at 6 and 12 months
post-discharge compared to those without a restrictive
spirometry pattern, although the differences were
not statistically significant. However, patients with a
restrictive spirometry pattern at 3 and 6 months had
higher CT inflammatory and fibrotic/reticular change
severity scores at 12 months compared to those without
restriction in spirometry.

At 6 months, patients with a restrictive spirometry
pattern had a higher CD19+ cell count compared to
those without restriction (259.90 cells/pL vs. 171.12
cells/uL, p = 0.025). Similarly, at 12 months, patients
with a restrictive spirometry pattern had a higher
CD19+ cell count compared to those without restric-
tion (279.12 cells/uL vs. 173.74 cells/uL, p = 0.042).

Multivariable regression identified several significant
associations between pulmonary function and immune
cell subsets: higher CD4+/CD28+/CD192+ levels
were associated with worse function (reduced TLC at
6 months; decreased FVC, FEV,, VC at 12 months),
whereas higher CD4+/CD28+/CD192+ levels were
associated with better function at 12 months; higher
CD3HLA-DR+ levels were negatively associated with
FEV, and VC at 12 months; female sex was associated
with lower DLCO at all time points; and older age was
associated with higher CT inflammatory and fibrotic/
reticular severity scores at 12 months.

A decreased lymphocyte count (0.99, 95% CI 0.98-
1.00, p = 0.017), an increased CD19+ cell count (1.02,
95% CI 1.00-1.03), and an increased CD4+ cell count
(OR 1.01, 95% CI 1.00-1.02) were associated with a
restrictive spirometry pattern at 12 months.

Patients with residual inflammatory changes on CT
had a lower count of CD3+HLA-DR+ cells compared
to those without inflammatory changes at both 6 and
12 months. At 6 months, the count of CD3+HLA-
DR+cells was 367.54 vs. 606.06, p = 0.048, and the
percentage was 17% vs. 24%, p = 0.014. At 12 months,
the CD3+HLA-DR+ cell count was 261.14 vs. 539.15,
p = 0.021, and the percentage was 14% vs. 19.5%,
p =0.024.

Second study group results
Study population and follow-up completion
Of the 100 enrolled patients, 93 completed all
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follow-up visits and were included in the
final analysis. The cohort comprised 50

Table 2. Prevalence of post-COVID-19 symptoms at 3, 6, and 12 months post-
discharge, N (%)

women (53.8%) and 43 men (46.2%) with Symptom Month3, | Month6, | Month 12, p
a median age of 59 years (IQR 51-64.5). N (%) N (%) N(%) | (3vs.12mo.)
Comorbidities were present in 59 pa- | Fatigue 66(70.97) | 37(39.78) | 23(24.73) <0.001
tients (63.4%). Most participants were | pyspnea 76(81.72) | 49(52.69) | 24(25.81) <0.001
1 0,
overweight or obese (91.4%), and all were ooy g0 ercice 66(7097) | 47(50.54) | 23(2473) | <0.001
unvaccinated at the time of infection and | tgjerance
throughout the follow-up. Cardiac symptoms 11(11.83) 2(2.15) 3(3.23) 0.057
Regarding the disease severity levels, — -
i Cognitive dysfunction/ 9(9.68) 10(10.75) 7 (7.53) 0.754
17 patients (18.3%) had moderate, 32 memory impairment

(34.4%) severe, and 44 (47.3%) critical
COVID-19. ICU admission was required
for 43 patients (46.2%), with a median stay

Table 3. Complement and immunoglobulins (C3c, C4, IgA, IgG, IgM) at 3, 6, and
12 months post-discharge

of 12 days (IQR 8-16); 7 patients (7.5%) Parameter Month 3 Month 6 Month 12
underwent invasive mechanical ventila- 7"/ 0.25 (0.22-0.29) 0.26 (0.19-0.29) 0.24 (0.20-0.30)
tion. In-hospital complications occurred — 123 (1.10-1.39) 1.30 (1.05-1.39) 1.35(1.17-1.51)
in 34 patients (36.6%). Laboratory data 9 e o =
completeness varied across visits due to IgA, g/L 2.06 (1.53-2.67) 2.42(1.81-3.74) 2.72(1.82-3.35)
missed appointments and technical fac- | 19G g/L 11.14(9.54-12.39) | 11.16(9.98-12.94) | 11.72(10.11-12.49)
tors, with sample sizes ranging from 82to | Igm, g/L 0.92 (0.61-1.35) 0.77 (0.47-1.34) 0.69 (0.44-1.37)

93 patients per parameter and time point.

No patient received long-term corticos-
teroids, immunomodulatory agents, or
antivirals after discharge.

Symptom recovery over time

At 3 months, the majority reported fatigue (70.9%),
dyspnea (81.7%), and reduced exercise tolerance
(71.0%). These core symptoms declined substantially
by 12 months: fatigue to 24.7%, dyspnea to 25.8%, and
reduced exercise tolerance to 24.7% (all p < 0.001).
This represents a two-thirds reduction in prevalence
(Table 2).

Other symptoms such as musculoskeletal pain,
cardiac complaints, insomnia/anxiety, and cogni-
tive dysfunction and memory impairment were less
frequent. Of these, only cardiac symptoms showed a
significant early decline (11.8% at 3 months vs. 2.2%
at 6 months, p = 0.004).

Symptom persistence was influenced by initial se-
verity: at 12 months, dyspnea persisted in 36.4% of
critically ill patients, compared to 17.6% of moderate
cases (p = 0.025). Reduced exercise tolerance followed
a similar pattern (34.1% vs. 5.9%).

Immune system recovery

Cellular Immunity

The total lymphocyte counts remained within the
normal range throughout the follow-up. However,
immune activation markers demonstrated dynamic
changes: activated T cells (CD3+HLA-DR+) declined
from 20% at 3 months to 13% at 12 months (p < 0.001);
CD3+CD8+ T cells decreased significantly by 12
months (572 vs. 632 cells/uL at 3 months, p = 0.020);
and the CD4/CD8 ratio showed a gradual upward
trend, suggesting immune homeostasis restoration.
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C3c - complement 3¢; C4 — complement 4; IgA — immunoglobulin A, IgM - immunoglobulin
M, 1gG - immunoglobulin G.

By contrast, NK cells and B cells remained stable at
the group level. However, a subset (~20%) of patients
demonstrated persistently low NK counts across all
visits.

Complement Activation and Immunoglobulin
Changes

The most striking finding was the progressive in-
crease in the complement C3c levels throughout the
12-month follow-up period, occurring paradoxically
as clinical symptoms improved. Complement C3c
levels rose progressively from 1.23 g/L at 3 months to
1.35 g/L at 12 months (+10%, p < 0.001), even despite
clinical improvement. C4 showed only minor transient
fluctuations.

IgA levels demonstrated a significant and sustained
increase throughout the follow-up, rising from 2.06 g/L
(IQR 1.53-2.67) atmonth 3 t02.42 g/L (IQR 1.81-3.74)
at month 6 (p <0.001), and remaining elevated at
2.72 g/L (IQR 1.82-3.35) at month 12 (p = 0.003 vs.
month 3). In contrast, IgM declined modestly, while
IgG and IgE remained stable (Table 3).

Clinical-immunological correlations

Several statistically significant associations were
identified between the immune parameters and per-
sistent post-COVID symptoms. Exploratory analyses
linked fatigue (3 months) to lower NK counts and
higher CD3+ T-cell percentages; dyspnea (6 months)
to reduced NK counts and higher CD3+CD4+ T-cell
percentages; myalgia/arthralgia (12 months) to lower
lymphocyte, CD3+, CD3+CD4+, and CD19+ counts;
and cardiac symptoms (3 months) to higher C3c lev-

Pulmonologija ir alergologija, 2026 m. Tomas 10 Nr. 2



els (1.37 vs. 1.20 g/L, p = 0.026). Interestingly, at 12
months, patients with fatigue and a reduced exercise
tolerance had lower — not higher — C3c levels than
asymptomatic peers, suggesting a complex, phase-de-
pendent role of complement in long COVID. Although
the limited sample size precluded formal correlation
analysis, these exploratory trends indicate that patients
reporting persistent fatigue and dyspnea at 12 months
exhibited higher activated T cells (CD3+HLA-DR+),
slightly elevated C3c, and lower CD3+CD8+ counts
than fully recovered individuals, suggesting that
sustained immune activation may underlie lingering
post-COVID symptoms.

Symptom clusters and immune endotypes

Unsupervised clustering of participants with com-
plete symptom and immune data consistently resolved
three clinically interpretable endotypes across boot-
strap resamples, aligned with the pre-specified symp-
tom domains: a respiratory endotype (“‘complement/
NK-suppressed”) — dyspnea and reduced exercise
tolerance, with lower NK-cell counts and higher CD3/
CD4 levels at 6 months, and elevated C3c among those
with early cardiopulmonary complaints; a neurocog-
nitive endotype (“neuro-T-cell activation”) — cogni-
tive dysfunction/memory impairment with elevated
CD3+HLA-DR+% at month 3 (=30% vs. ~20% in
asymptomatic peers); and a musculoskeletal endotype
(“lymphopenic/immune-insufficiency”) - myalgia/
arthralgia at 12 months with lower total lymphocytes
and reduced CD3+, CD3+CD4+, and CD19+ counts,
suggesting a broader low-grade immune insufficiency
rather than isolated activation.

The respiratory endotype was over-represented
among survivors of critical illness, suggesting that
the magnitude of the initial immune insult may
shape endotype expression during recovery. Cluster
membership and distinguishing features remained
robust in sensitivity analyses using 6-month data
alone and after adjustment for age, sex, BMI, and
initial disease severity, indicating that the endotypes
are not explained solely by obesity-related chronic
inflammation. Nevertheless, they should be viewed
as hypothesis-generating and warrant validation in
larger, external cohorts.

Influence of disease severity

Disertacijos

fied by the initial disease severity, patients recovering
from critical COVID-19 maintained significantly
higher IgM levels compared to those with severe
disease across all time points: month 3 (1.01 vs. 0.75
g/L, p = 0.033), month 6 (0.96 vs. 0.60 g/L, p = 0.040),
and month 12 (0.92 vs. 0.45 g/L, p = 0.044). IgG levels
were also higher in the critical group at month 3 (11.67
vs. 10.27 g/L, p = 0.031). Complement C3c increased
across all severity groups but was more pronounced in
the severe group and among critical survivors.

Third study group results

This group included 122 subjects. Of these, 93
completed the entire 12-month follow-up period, i.e.,
these 93 research subjects attended all 3 scheduled
visits, and were included in the final analysis. The main
reasons for some patients not completing the study
were logistical and/or personal barriers to attendance.
There were no significant differences in the baseline
characteristics between those who completed the study
and those who did not.

The final analyzable group consisted of 93 subjects
with a mean age of 58.2 + 10.2 years; 53.8% were
female. Fifty-six (60.2%) patients had experienced
critical COVID-19 disease. Only 4 subjects (4.3%) had
received at least one dose of the SARS-CoV-2 vaccine
during the observation period, while the other study
participants had not been vaccinated. Comorbidities
were quite common: 35.5% of subjects had one, and
30.1% had two or more chronic diseases. The most
common comorbidities were primary arterial hyper-
tension (48.4%), diabetes mellitus (24.7%), and cardio-
vascular disease (20.4%); while one-third (34.4%) of
the study participants had no chronic diseases before
hospitalization. Detailed baseline characteristics of the
study cohort are summarized above.

Changes in HRQoL over time

All eight SF-36 domains improved significantly from
3 to 12 months (Friedman test, p < 0.001). Seven of
these domains demonstrated both statistically signifi-
cant and clinically meaningful changes (see Table 4).

Domains with the largest improvements were Bodily
Pain (+18.8 points, r = 0.41, surpassing its MCID of
>10), General Health (+14.6, r = 0.42, MCID >5), and

Table 4. SF-36 domain scores over time and clinical significance (N = 93)

When immune recovery was analyzed
based on the severity of the initial illness,

distinct patterns emerged. Patients who
had been critically ill showed a slower

decline in activated T cells (CD3+HLA-

DR+) and more prolonged suppression

of both CD3+CD4+ and CD3+CD8+ T

cells compared to those with moderate
or severe illness.

When immune parameters were strati-
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SF-36 domain Month 3 Month 12 | Change | Effect MCID

sizer met
Physical Functioning | 65.0+22.1 | 75.2+18.5 +10.2 0.37 Yes
Bodily Pain 63.2+246 | 820203 | +188 0.41 Yes
General Health 580+189 | 72.6+£16.8 +14.6 0.42 Yes
Vitality 61.8+204 | 729+17.9 +11.1 0.30 Yes
Mental Health 68.0+185 | 75.0+16.9 +7.0 0.32 Yes
Role-Emotional 704 +29.2 | 740+26.8 +3.6 0.16 No
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Social Functioning (+10.4, r = 0.38, approaching its
MCID of >12.5). Moderate improvements were seen
for Physical Functioning (+10.2, meeting its MCID
of >10), Vitality (+11.1, meeting its MCID of >10),
Mental Health (+7.0, exceeding its MCID of >5), and
Role-Physical (+8.1, below its MCID of >25). Role-
Emotional showed the smallest improvement (+3.6,
r = 0.16), remaining well below its MCID (>25) and
indicating limited recovery of emotional role function-
ing specifically.

Comparison with age-matched population norms

At 12 montbhs, the patients had not fully returned to
pre-pandemic age-matched population norms. The
largest gaps were observed in Physical Functioning
(75.2 vs. 82.1, gap = 6.9 points; p = 0.003), Role-
Physical (73.6 vs. 78.3, gap = 4.7 points), and General
Health (72.6 vs. 76.8, gap = 4.2 points; p = 0.045). In
contrast, the Mental Health scores nearly reached the
population norms (75.0 vs. 79.2, gap = 4.2 points) but
remained slightly lower.

Predictors of recovery at 12 months

Multivariate linear regression models identified key
predictors for better outcomes in key HRQoL domains.
For Physical Functioning (R* = 0.42, p < 0.001): male
sex (P = 14.60, 95% CI: 6.50-22.70, p < 0.001), fewer
comorbidities (f = —10.76, 95% CI: —16.20 to —5.32,
p < 0.001), and employment (3 = 8.45, 95% CI: 2.10-
14.80, p = 0.010). For Mental Health (R*> = 0.31, p =
0.002): male sex (p = 10.89, 95% CI: 3.62-18.16, p =
0.004) and employment ( =6.73,95% CI: 0.95-12.51,
p = 0.023). For General Health (R*> = 0.28, p = 0.006):
more comorbidity (p = —-7.46,95% CI: —13.82 to —1.10,
p =0.021) and older age ( = —0.42, 95% CI: —0.78 to
~0.06, p = 0.024).

Sociodemographic disparities, healthcare utiliza-
tion, and rehabilitation access

Significant 12-month outcome disparities were evi-
dent across sex, employment status, and comorbidity
burden. Men and employed individuals scored consist-
ently higher than women and unemployed individuals
on most domains (e.g., Physical Functioning: 80.8 +
16.2 vs. 66.1 £20.1, p < 0.001; employed 78.2 £ 17.1 vs.
unemployed 63.5 + 21.3, p = 0.001), and patients with
two or more comorbidities scored markedly lower than
those with none (Physical Functioning 60.6 + 22.8 vs.
82.1 + 14.6, p < 0.001).

During the 12-month follow-up, a substantial pro-
portion of patients continued to require medical care
(47.3% pulmonology consultations, 22.6% cardiol-
ogy follow-up, 6.5% home oxygen, 5.4% pulmonary
embolism), yet rehabilitation utilization remained
low: 58.1% received no rehabilitation at all, 29.0%
underwent Stage I inpatient rehabilitation only, and
just 12.9% accessed structured Stage II post-discharge
rehabilitation. Patients receiving Stage II rehabilitation
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showed numerically — though not statistically signifi-
cantly — higher 12-month Physical Functioning and
Mental Health scores than those without.

DISCUSSION

This 12-month prospective study demonstrates
that recovery following COVID-19 pneumonia is a
complex, heterogeneous, and multisystem process
extending well beyond the acute phase of infection. The
findings confirm that SARS-CoV-2 infection cannot
be regarded solely as a transient respiratory disease,
but rather as a condition with sustained effects on the
pulmonary structure and function, immune system
homeostasis, and health-related quality of life [13-17].
Pulmonary recovery was incomplete and non-uniform:
although gradual improvement in spirometric param-
eters was observed, a clinically relevant proportion of
patients continued to exhibit restrictive ventilatory
patterns and reduced diffusion capacity at 12 months,
particularly following severe and critical COVID-19
levels. Persistent inflammatory and fibrotic radiologi-
cal changes on chest computed tomography showed
only partial resolution and were closely associated with
functional impairment, thereby underscoring the long-
term interaction between structural lung damage and
physiological recovery, consistent with international
longitudinal studies [11, 18-20].

Beyond pulmonary sequelae, the study provides
important insight into long-term immune system
recovery. Immunological normalization did not
follow a linear or uniform trajectory; persistent al-
terations in cellular immunity, including changes in
activated T lymphocytes, CD8+ T-cell populations,
and NK cells, were associated with ongoing respiratory
symptoms, fatigue, and reduced exercise tolerance,
suggesting that sustained immune dysregulation
contributes to symptom persistence even after clini-
cal stabilization [27-29]. A particularly novel finding
is the paradoxical activation of innate and mucosal
immune components during recovery: complement
C3c and IgA concentrations increased progressively
despite a parallel decline in overt clinical symptoms,
while IgG and IgM remained relatively stable. This
dissociation between clinical improvement and im-
mune activation suggests that complement and IgA
responses may reflect prolonged immune remodeling
or altered immune homeostasis rather than ongoing
tissue-damaging inflammation, consistent with the
emerging concept of post-COVID immune endotypes
[32-36]. Exploratory clinical-immunological asso-
ciations further revealed that patients with persistent
symptoms exhibited specific immune signatures —
altered T-cell activation profiles and reduced NK cell
counts — supporting the hypothesis that symptom
clusters in post-COVID condition correspond to
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biologically distinct immune endotypes involving
differential contributions of cellular, humoral, and
innate immune pathways.

Health-related quality of life improved gradually
during follow-up but did not fully normalize in all
patients, particularly among those with more severe
acute disease and limited access to structured rehabili-
tation, mirroring findings from other national cohorts
[23-26]. In summary, this study integrates pulmonary,
radiological, immunological, and quality-of-life data to
provide a comprehensive view of long-term recovery
after COVID-19 pneumonia. The findings suggest
that persistent post-COVID symptoms are more likely
driven by heterogeneous immune recovery trajectories
and incomplete structural lung repair than by ongoing
systemic inflammation alone. Recognition of distinct
post-COVID immune endotypes may help explain
the marked clinical heterogeneity observed among
COVID-19 survivors and supports the development
of personalized, risk-adapted follow-up and rehabilita-
tion strategies.

CONCLUSIONS

1. Following severe and critical COVID-19 pneu-
monia, a significant improvement in pulmona-
ry function parameters (FVC, FEV,, VC) was
observed over the 12-month follow-up period,
which indicates gradual recovery of respiratory
function; however, pulmonary diffusing capacity
(DLCO) recovered more slowly and remained
clinically significantly reduced in a subset of
patients after one year.

2. The dynamics of radiological lung abnormalities
after COVID-19 pneumonia paralleled functio-
nal recovery trends: structural lung changes
gradually regressed over time, yet residual radi-
ological abnormalities persisted in a proportion
of patients, reflecting incomplete recovery of lung
parenchyma.

3. Analysis of immune system parameters revealed
a heterogeneous recovery trajectory: lymphocyte
counts and their subpopulations (CD4+, CD8+,
NK, and B cells), as well as activated T lymp-
hocytes, demonstrated non-uniform temporal
changes, while humoral immunity was charac-
terized by a paradoxical, progressive increase in
IgA concentrations, a decrease in IgM levels, and
stable IgG and IgE concentrations.

4. Evaluation of the associations between the pul-
monary function parameters, radiological lung
abnormalities, and immunological markers re-
vealed selective and heterogeneous relationships:
poorer functional and structural lung outcomes
were associated with alterations in specific im-
munological markers; however, these associations
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were not consistent across all immunological
parameters assessed.

5. Assessment of the health-related quality of life
demonstrated significant improvement in the
physical and mental health domains over the 12
months; nevertheless, most SF-36 domain scores
remained lower than the normative values of the
general Lithuanian population. A slower recovery
of quality of life was observed among women,
unemployed individuals, and patients with a
higher burden of chronic comorbidities.

6. A substantial gap was identified between the
persistent healthcare needs of patients recove-
ring from severe COVID-19 pneumonia and
the rehabilitation services actually provided,
highlighting the importance of comprehensive,
individualized, and long-term patient monitoring
and rehabilitation.

PRACTICAL IMPLICATIONS

The findings of this study have direct practical rel-
evance for the clinical management of patients recov-
ering from severe and critical COVID-19 pneumonia.
The results support the need for long-term, structured
monitoring of respiratory function, immune status,
and health-related quality of life for at least 12 months
following acute illness, particularly in patients with
persistent functional or radiological lung impairment.

The identified selective associations between pul-
monary function, radiological changes, and immu-
nological parameters suggest that specific immune
markers (activated T lymphocytes, NK cells, IgA, and
components of the complement system) may serve as
additional biological indicators to help identify patients
at risk of delayed recovery and persistent post-COVID
symptoms.

The identification of high-risk groups — notably,
women, unemployed individuals, and patients with
multiple chronic comorbidities — supports the imple-
mentation of a risk-based, personalized post-COVID
care model, enabling an early referral to a multidisci-
plinary follow-up and rehabilitation.

Furthermore, the quality-of-life findings emphasize
the necessity of integrating not only physical but also
psycho-emotional and social rehabilitation compo-
nents into post-COVID care. The observed mismatch
between the patients’ ongoing healthcare needs and
the rehabilitation services provided underscores the
need for structured post-COVID care programs and
national rehabilitation guidelines.

The results may also inform healthcare service
planning, optimization of resource allocation, and the
development of future multicenter studies focused on
the biological mechanisms of post-COVID syndrome
and targeted therapeutic interventions.

155



Disertacijos

ARTICLES PUBLISHING THE DISSERTATION

RE
L

SULTS

Strumiliene E, Urboniene ], Jurgauskiene L, Zeleckiene I,
Bliudzius R, Malinauskiene L, Zablockiene B, Jancoriene L.
Long-term pulmonary sequelae and immunological markers in
patients recovering from severe and critical COVID-19 pneu-
monia: a comprehensive follow-up study. Medicina (Kaunas).
2024;60(12):1954.

Strumiliene E, Malinauskiene L, Zablockiene B, Jancoriene L.
Twelve-month health-related quality of life recovery following
COVID-19 hospitalization: a prospective cohort study from
Lithuania. Medicina (Kaunas). 2025;61(9):1657.

Strumiliene E, Malinauskiene L, Urboniene J, Jurgauskiene L,
Zablockiene B, Jancoriene L. Clinical and immunological re-
covery trajectories in severe COVID-19 survivors: a 12-month
prospective follow-up study. Viruses. 2025;17(12):1610.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

156

Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel
coronavirus from patients with pneumonia in China, 2019. N
Engl ] Med. 2020;382(8):727-33.

World Health Organization (WHO). Coronavirus (COV-
ID-19) dashboard. Aug 18, 2020. Available at: https://data.who.
int/dashboards/covid19/cases

Msemburi W, Karlinsky A, Knutson V, Aleshin-Guendel
S, Chatterji S, Wakefield J. The WHO estimates of excess
mortality associated with the COVID-19 pandemic. Nature.
2023;613(7942):130-7.

OECD/European Observatory on Health Systems and Poli-
cies. State of Health in the EU. OECD Publishing, Paris; 2023.
Available at: https://www.oecd.org/en/publications/lithuania-
country-health-profile-2023_5ed683c8-en.html.

Pizzato M, Gerli AG, La Vecchia C, Alicandro G. Impact of
COVID-19 on total excess mortality and geographic disparities
in Europe, 2020-2023: a spatio-temporal analysis. Lancet Reg
Health Eur. 2024;44:100996.

Taher MK, Salzman T, Banal A, Morissette K, Domingo
FR, Cheung AM, et al. Global prevalence of post-COVID-19
condition: a systematic review and meta-analysis of pro-
spective evidence. Health Promot Chronic Dis Prev Can.
2025;45(3):112-38.

Wu N, Joyal-Desmarais K, Ribeiro PAB, Vieira AM,
Stojanovic J, Sanuade C, et al. Long-term effectiveness of
COVID-19 vaccines against infections, hospitalisations, and
mortality in adults. Lancet Respir Med. 2023;11(5):439-52.
World Health Organization (WHO). Coronavirus disease
(COVID-19): Post COVID-19 condition. Mar 28, 2022.
Available at: https://www.who.int/news-room/questions-and-
answers/item/coronavirus-disease-(COVID-19)-post-COVID-
19-condition

Lopez-Leon S, Wegman-Ostrosky T, Perelman C, Sepulveda
R, Rebolledo PA, Cuapio A, et al. More than 50 long-term
effects of COVID-19: a systematic review and meta-analysis.
Sci Rep. 2021511(1):16144.

Mainous AG 3rd, Bao S, Goldman M. Editorial: Long COVID:
pathogenesis, diagnosis and clinical management. Front Med
(Lausanne). 2025;12:1615692.

Wu X, Liu X, Zhou Y, Yu H, Li R, Zhan Q, et al. 3-month,
6-month, 9-month, and 12-month respiratory outcomes in
patients following COVID-19-related hospitalisation. Lancet
Respir Med. 2021;9(7):747-54.

Davis HE, Assaf GS, McCorkell L, Wei H, Low RJ, Reem Y,
et al. Characterizing long COVID in an international cohort:
7 months of symptoms and their impact. EClinicalMedicine.
2021;38:101019.

Huang L, Li X, Gu X, Zhang H, Ren L, Guo L, et al. Health
outcomes in people 2 years after surviving hospitalisation with
COVID-19: a longitudinal cohort study. Lancet Respir Med.
2022;10(9):863-76.

Han Q, Zheng B, Daines L, Sheikh A. Long-term sequelae of
COVID-19: a systematic review and meta-analysis of one-year
follow-up studies. Pathogens. 2022;11(2):269.

Hou Y, Gu T, Ni Z, Shi X, Ranney ML, Mukherjee B. Global
prevalence of long COVID, its subtypes and risk factors: an

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

updated systematic review and meta-analysis. Open Forum
Infect Dis. 2025;12(9):0faf533.

Mudgal SK, Gaur R, Rulaniya S, T L, Agarwal R, Kumar S,
et al. Pooled prevalence of long COVID-19 symptoms at 12
months and above follow-up period: a systematic review and
meta-analysis. Cureus. 2023;15(3):e36325.

Muthuka JK, Nzioki JM, Kelly JO, Musangi EN, Chebungei
LC, Nabaweesi R, et al. Prevalence and Predictors of Long
COVID-19 and the Average Time to Diagnosis in the General
Population. COVID. 2024;4(7):968-81.

Torres-Castro R, Vasconcello-Castillo L, Alsina-Restoy X,
Solis-Navarro L, Burgos E, Puppo H, Vilaré J. Respiratory
function in patients post-infection by COVID-19: a systematic
review and meta-analysis. Pulmonology. 2021;27(4):328-37.
Huang C, Huang L, Wang Y, Li X, Ren L, Gu X, et al. 6-month
consequences of COVID-19 in patients discharged from hospi-
tal: a cohort study. Lancet. 2021;397(10270):220-32.

Bretas DC, Leite AS, Mancuzo EV, Prata TA, Andrade BH,
Oliveira JDGE, et al. Lung function six months after severe
COVID-19: does time, in fact, heal all wounds? Braz J Infect
Dis. 2022;26(3):102352.

Mansour TMM, Abd Elrady Ahmed Teleb A, Abdalla H,
Abd Elnaser MM, El-Baroudy MM, El-Moez Mohammed
HA. Chronic pulmonary complications after COVID-19: an
observational study of post-infection lung changes over two
years. Chest Pulm. 2025; 4(1):100208.

Zhang H, Li X, Huang L, Gu X, Wang Y, Liu M, et al. Lung-
function trajectories in COVID-19 survivors after discharge:
a two-year longitudinal cohort study. EClinicalMedicine.
2022;54:101668.

Evans RA, McAuley H, Harrison EM, Shikotra A, Singapuri
A, Sereno M, et al. Physical, cognitive, and mental health
impacts of COVID-19 after hospitalisation (PHOSP-COVID).
Lancet Respir Med. 2021;9(11):1275-87.

Tabacof L, Tosto-Mancuso J, Wood J, Cortes M, Kontorovich
A, McCarthy D, et al. Post-acute COVID-19 syndrome nega-
tively impacts physical function, cognitive function, health-
related quality of life, and participation. Am J Phys Med Rehabil.
2022;101(1):48-52.

Saverino A, Zsirai E, Sonabend R, Gaggero L, Cevasco
I, Pistarini C, Cremonesi P. Health related quality of life
in COVID-19 survivors discharged from acute hospitals.
F1000Research. 2021;10:282.

Chen KY, Li T, Gong FH, Zhang JS, Li XK. Predictors of
health-related quality of life and influencing factors for COV-
ID-19 patients. Front Psychiatry. 2020;11:668.

Peghin M, De Martino M, Palese A, Gerussi V, Bontempo
G, Graziano E, et al. Post-COVID-19 syndrome and humoral
response association after 1 year in vaccinated and unvaccinated
patients. Clin Microbiol Infect. 2022;28(8):1140-8.

Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strilin K,
Gorin JB, Olsson A, et al. Robust T cell immunity in convales-
cent individuals with asymptomatic or mild COVID-19. Cell.
2020;183(1):158-68.e14.

Tsao T, Buck AM, Grimbert L, LaFranchi BH, Altamirano
Poblano B, Fehrman EA, et al. Long COVID is associated with
lower percentages of mature, cytotoxic NK cell phenotypes. J
Clin Invest. 2025;135(4):e188182.

Gracia-Ramos AE, Martin-Nares E, Hernandez-Molina
G. New onset of autoimmune diseases following COVID-19
diagnosis. Cells. 2021;10(12):3592.

Saad MA, Alfishawy M, Nassar M, Mohamed M, Esene
IN, Elbendary A. COVID-19 and autoimmune diseases: a
systematic review of reported cases. Curr Rheumatol Rev.
2021;17(2):193-204.

Holter JC, Pischke SE, de Boer E, Lind A, Jenum S, Holten
AR, et al. Systemic complement activation is associated with
respiratory failure in COVID-19 hospitalized patients. Proc
Natl Acad Sci U S A. 2020;117(40):25018-25.

Lo MW, Kemper C, Woodruff TM. COVID-19: Comple-
ment, coagulation, and collateral damage. ] Immunol.
2020;205(6):1488-95.

Baillie KDH, Davies HE, Keat SBK, Ladell K, Miners KL,
Jones SA, et al. Complement dysregulation is a prevalent
and therapeutically amenable feature of long COVID. Med.
2024;5(3):239-53.¢€5.

Pulmonologija ir alergologija, 2026 m. Tomas 10 Nr. 2


https://www.oecd.org/en/publications/lithuania-country-health-profile-2023_5ed683c8-en.html
https://www.oecd.org/en/publications/lithuania-country-health-profile-2023_5ed683c8-en.html
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-(covid-19)-post-covid-19-condition
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-(covid-19)-post-covid-19-condition
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-(covid-19)-post-covid-19-condition

35.

36.

37.

38.

39.

40.

Pulmonologija ir alergologija, 2026 m. Tomas 10 Nr. 2

Zinellu A, Mangoni AA. Serum complement C3 and C4 and
COVID-19 severity and mortality: a systematic review and
meta-analysis. Front Immunol. 2021;12: 696085.

Fehr AR, Perlman S. Coronaviruses: an overview of their rep-
lication and pathogenesis. Methods Mol Biol. 2015;1282:1-23.
Gao Y, Cai C, Adamo S, Biteus E, Kamal H, Dager L, et
al. Identification of soluble biomarkers that associate with
distinct manifestations of long COVID. Nat Immunol.
2025;26(5):692-705.

Chen C, Haupert SR, Zimmermann L, Shi X, Fritsche LG,
Mukherjee B. Global prevalence of post-coronavirus disease
2019 (COVID-19) condition or long COVID: a meta-analysis
and systematic review. ] Infect Dis. 2022;226(9):1593-607.
Hermans LE, Wasserman S, Xu L, Eikelboom J. Long COVID
prevalence and risk factors in adults residing in middle- and
high-income countries. BMJ Glob Health. 2025;10(4): €017126.
Antonio GE, Wong KT, Hui DS, Wu A, Lee N, Yuen EH, et
al. Thin-section CT in patients with severe acute respiratory

41.

42,

43.

45.

Disertacijos

syndrome following hospital discharge: preliminary experience.
Radiology. 2003;228(3):810-5.

Chung M, Bernheim A, Mei X, Zhang N, Huang M, Zeng X,
et al. CT Imaging features of 2019 novel coronavirus (2019-
nCoV). Radiology. 2020;295(1):202-7.

Rugiene R, Dadoniene J, Venalis A. Adaptation of health-
related quality of life (“SF-36”) questionnaire, its validation and
assessment of performance for control group and patients with
rheumatoid arthritis. Medicina (Kaunas). 2005;41(3):232-9.
Ware J, Snow K, Kosinski M, Gandek B. SF-36 health survey:
manual and interpretation guide. Lincoln, RI: Quality Metric
Inc; 1993.

. Samsa G, Edelman D, Rothman ML, Williams GR, Lipscomb

J, Matchar D. Determining clinically important differences in
health status measures. Pharmacoeconomics. 1999;15(2):141-55.
Kranciukaité D, Rastenyté D, Jureniene K. Evaluation of the
quality of life in the population of Kaunas City using the SF-12
questionnaire. Medicina (Kaunas). 2007;43(6):501-7.

157



	Disertacijos
	Assessment of the long-term consequences of COVID-19 pneumonia on pulmonary function, health-related quality of life, and immunological prognostic factors



