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Abstract

Background Long-COVID is defined as the persistency or development of new symptoms 3 months after the ini-
tial SARS-CoV-2 infection, with these symptoms lasting for at least 2 months with no other explanation. Common
persistent symptoms are fatigue, sleep disturbances, post-exertional malaise (PEM), pain, and cognitive problems.
Long-COVID is estimated to be present in about 65 million people. We aimed to explore clinical and biological factors
that might contribute to Long-COVID.

Methods Prospective longitudinal cohort study including patients infected with SARS-CoV-2 between March 2020
and March 2022. Patients were assessed between 4 and 12 months after infection at the COVID follow-up clinic at UZ
Leuven. We performed a comprehensive clinical assessment (including questionnaires and the 6-min walking test)
and biological measures (global DNA methylation, telomere length, mitochondrial DNA copy number, inflammatory
cytokines, and serological markers such as C-reactive protein, D-dimer, troponin T).

Results Of the 358 participants, 328 were hospitalised, of which 130 had severe symptoms requiring intensive care
admission; 30 patients were ambulatory referrals. Based on their clinical presentation, we could identify 6 main clus-
ters. One-hundred and twenty-seven patients (35.4%) belonged to at least one cluster. The bigger cluster included
PEM, fatigue, sleep disturbances, and pain (n=57). Troponin T and telomere shortening were the two main markers
predicting Long-COVID and PEM-fatigue symptoms.

Conclusions Long-COVID is not just one entity. Different clinical presentations can be identified. Cardiac involve-
ment (as measured by troponin T levels) and telomere shortening might be a relevant risk factor for developing PEM-
fatigue symptoms and deserve further exploring.
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Background

The COVID-19 pandemic has been affecting millions of
lives around the globe. COVID-19 is a viral respiratory
disease caused by SARS-CoV-2 [1]. Since the beginning
of the pandemic to date (May 2024), the world counts
over 750 million cases and 7 million deaths. Over 85%
of confirmed COVID-19 cases are mild [1, 2]. However,
10-15% develop more severe symptoms such as acute
respiratory distress or multisystem organ failure requir-
ing hospitalisation and, in some cases, intensive care [3].

Around 10-15% of patients report a variety of persis-
tent symptoms including pain, fatigue, post-exertional
malaise, cognitive problems, and sleep disturbances fol-
lowing SARS-CoV-2 infection [1, 3]. This condition has
been termed Long-COVID. Long-COVID is defined
by the WHO as the persistency or development of new
symptoms 3 months after the initial SARS-CoV-2 infec-
tion, with these symptoms lasting for at least 2 months
with no other explanation [4, 5]. A recent meta-analysis
of over 735,000 subjects with COVID showed that about
45% of them report at least one unresolved symptom at
4 months [6]. Other epidemiological studies estimate
Long-COVID to be present in about 65 million people
[4]. Importantly, over 80% of people experiencing symp-
toms 4 months after infection will likely have persistent
symptoms at the 2-year follow-up [7]. Long-COVID can
develop after very mild symptoms at onset [8]. A study
on 545 patients found that over 70% of people with per-
sistent symptoms started with mild or moderate initial
infection [9]. About 1-1.5% of people with COVID-19
experienced over 12 weeks of sick leave [10].

A better understanding of pathophysiological mecha-
nisms is warranted. Currently, research exploring bio-
logical mechanisms related to Long-COVID is scarce and
inconclusive [11]. However, a number of biological mech-
anisms are emerging and hold promise to explain Long-
COVID. Such biological factors are DNA methylation,
telomere length, mitochondrial dysfunction, and immune
system alteration. Together, these processes influence
several basic cellular functions such as gene expression,
cell replication, and energy metabolism. Patients with
severe COVID-19 indeed seem to show a widespread
hypomethylation, biological age acceleration, telomere
shortening, and mitochondrial dysfunction [12-15].
However, it is unclear whether these mechanisms are rel-
evant in Long-COVID [16-18].

The present manuscript aims to target this knowledge
gap by exploring several biological factors that might
contribute to Long-COVID development and mainte-
nance. We explored telomere length, mitochondrial DNA
content, and global DNA methylation in peripheral mon-
onuclear cells in a large cohort of patients infected with
SARS-CoV-2 who did or did not recover 4 to 24 months
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after the initial infection. We also explored the expres-
sion of 14 different cytokines in plasma, as a surrogate
of immune cell functions, as well as serological factors
(D-dimers, glycated haemoglobin, platelets and white
blood cell count, C-reactive protein, creatinine, troponin
T). We hypothesised people developing Long-COVID
will show shorter telomere length, lower mitochondrial
DNA content, lower DNA methylation, and a dysregu-
lated immune response.

Methods

Participants and procedure

We conducted a prospective observational cohort study
of consecutive adult patients (>18 years) diagnosed
with COVID-19 between March 2020 and March 2022
at the University Hospital Leuven (UZ Leuven). Hos-
pitalised patients who agreed to participate returned to
the COVID follow-up clinic at the Department of Res-
piratory Diseases of the UZ Leuven 4 to 24 months after
infection. In addition, ambulatory referrals to our clinic
because of ongoing symptoms following a confirmed
SARS-CoV-2 infection in the study period were invited to
participate. Participants who gave consent for the study
were sent an email with the reminder of the appointment
and a list of clinical questionnaires to complete 3 days
before the medical assessment. We gathered information
from the patient’s electronic hospital records on demo-
graphics, comorbidities, severity of illness, length of stay
in hospital, and, if applicable, whether they required
intensive treatment in the intensive care unit (ICU). The
day of the assessment, they underwent a clinical assess-
ment with detailed history and physical examination.
Functional assessment was performed using the 6-min
walking test (6MWT), following European Respiratory
Society guidelines [19]. A complete description of the
medical and functional assessments has been described
elsewhere [20]. Then, 10 mL of blood was withdrawn
for routine serological assessment. An additional 10 mL
blood was collected in EDTA tubes, to study cytokine
expression in plasma, and telomere length, mitochondrial
DNA content, and DNA methylation in peripheral blood
mononuclear cells (PBMCs). The study was approved
by the institutional ethics committees of KU/UZ Leu-
ven (S64081 and amendment S65411). Written informed
consent was obtained from all participants.

Clinical assessment

Clinical questionnaires were distributed online 3 days
before the hospital visit to patients who agreed to partici-
pate. Questionnaires included the Short Form-36 health
survey (SF-36) [21], the Hospital Anxiety and Depression
Scale (HADS) [22], and the DePaul Symptom Question-
naire (DSQ). The DSQ was initially developed to assess
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symptoms associated with myalgic encephalomyelitis/
chronic fatigue syndrome (ME/CES) [23-25]. Given the
similarities between ME/CFS and Long-COVID, both on
the proposed pathophysiology and on the clinical presen-
tation, the DSQ is well suitable to assess the most preva-
lent symptoms reported by this population. We used a
modified short form of the DSQ and selected 26 items
assessing frequency and severity of symptoms such as
fatigue, unrefreshing sleep, myalgia, headache, visceral
symptoms, cognitive disturbances, and post-exertional
malaise. The scoring is the product of frequency and
severity and results in a range between 0 and 16. The
questionnaire can be found in Additional file 1: Appen-
dix 1. We used the DSQ to differentiate between peo-
ple with Long-COVID and people who recovered from
COVID with no consequences, as well as to assess the
type of symptoms reported by each subject.

Defining Long-COVID

To date, no clear criteria have been validated for the
diagnosis of Long-COVID. Previous research has shown
that symptoms, though heterogeneous, seem to group
in relatively independent clusters including two or more
predominant symptoms [5]. Such clusters might be use-
ful to explore common pathophysiological mechanisms
[2]. We used principal component analyses to cluster
the 26 symptoms that we assessed via the DSQ into the
main components. Principal component analyses (PCA)
allow for the identification of the main uncorrelated clus-
ters that are able to explain the variability of the clinical
presentation. Then, K-means cluster analysis was used to
separate patients based on the mean value of each com-
ponent, and thus define who belongs to the Long-COVID
group, and what are the predominant symptoms. In line
with a recent consensus statement including patients, cli-
nicians, and researchers [5], we defined Long-COVID as
a syndrome characterised by at least one cluster of persis-
tent symptoms, lasting for at least 2 months, that were a
consequence of SARS-CoV-2 infection.

Biological factor measurements

Blood was collected and transferred to the Clinical Biol-
ogy Laboratory of the UZ Leuven within 3 h from collec-
tion. The first 10 mL tubes were used to isolate serum and
perform routine serological measurements. The EDTA
tube was centrifuged at 1500 rpm for 10 min to isolate
3 aliquots of 800 pL of plasma and stored at—80 °C. The
remaining blood was processed via Ficoll centrifugation
to isolate PBMCs.

DNA methylation of LINE-1 transposable elements
LINE-1 transposable elements comprise almost half of
the human genome and are commonly used as a robust
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surrogate marker of global DNA methylation [26]. We
extracted DNA from PBMCs and measured DNA meth-
ylation of LINE-1 following a protocol developed in our
lab and described elsewhere (see Additional file 1: Box 1)
[27].

Telomere length and mitochondrial DNA copy number
(mtDNAcn)

DNA from PBMCs was used to measure telomere length
and mtDNAcn. Average relative telomere length was
measured using a modified singleplex quantitative PCR
(qPCR) method adapted from Cawthon [28, 29]. Average
relative mtDNA content was measured using a modified
singleplex qPCR procedure as described by Janssen et al.
[30]. Mathematical calculation formulas to obtain RQ,
NRQ, and CNRQs are provided by Hellemans et al. (see
Additional file 1: Box 1) [31].

Serological markers

Serological markers included D-dimers, glycated haemo-
globin (HbA1lc), aspartate transaminases (AST), alanine
transaminases (ALT), estimated glomerular filtration rate
(eGFR), C-reactive protein (CRP), troponin T HS, plate-
lets, and white blood cell (WBC) counts. Serum markers
were analysed in the Clinical Laboratory of the UZ Leu-
ven, according to routine procedures and analysed with
the Cobas 8000 analyser (Roche, Switzerland). Data were
retrieved from each patient’s medical record.

Cytokine measurements

In total, 14 cytokines were measured in plasma using the
U-PLEX T-cell combo kit from Meso Scale Diagnostics
(MSD, MD, USA). The kit allows for quantification of
14 cytokines at once. These cytokines were selected as
they are thought to reflect broad lymphocyte T-helper
cell immune function—recently classified in Th1l (IFN-y,
TNE-a, IL-2), Th2 (IL-4, IL-10, IL-13, GM-CSE), Th9 (IL-
9), Th17 (IL-17A, IL-17E/IL-25, IL-17F, IL-21, MIP-3a),
and Th22 (IL-22) [32]. Data were analysed using the MSD
Discovery Workbench Software. Values below fit curve
or lower limit of detection were excluded from analyses.
Technical errors based on visual inspection of data (i.e.
clear outliers when plotting the data for data distribu-
tion) were also excluded.

Power calculation and statistics

Well-conducted studies investigating the role of mito-
chondrial metabolism, oxidative stress, telomere length,
and DNA methylation in patients with post-viral fatigue
and chronic fatigue syndrome show medium effect sizes
[8, 10, 15, 17]. We used G*Power to calculate the sam-
ple size needed to detect at least a fixed medium effect
(f=0.25) for Long-COVID with 80% power at the 5%
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significance level using a general linear model. As sex,
age, BMI, severity of the initial infection, and total white
cell count (WBC) can influence metabolic and immune
functions, we corrected the calculation including two
dichotomous variable (sex and ICU stay) and three con-
tinuous variables (age, BMI, WBC) in our models. The
sample size needed to perform our analyses was 158.
Different multivariate general linear models (mGLMs)
were employed to assess whether symptoms, physical
function, or biological markers, were significantly differ-
ent between groups. Models were adjusted per sex, ICU
stay, age, and BMI (and WBC when exploring biological
factors). Finally, linear regression models were employed
to explore whether the main symptom cluster or physi-
cal function (6MWT distance) can be predicted by the
biological factors collected. Sex and ICU stay, as well as
age and BMI, were used as fixed factors and covariates,
respectively.

Results

In total, 358 patients accepted to participate in the
study. Demographic and clinical characteristics are sum-
marised in Table 1. They all were infected with SARS-
CoV-2 between March 2020 and March 2022. Of these,
328 (91.6%) were hospitalised at UZ Leuven because of
symptoms caused by the infection, of whom 130 (36.3%)
had severe symptoms requiring intensive care admission.
Thirty (8.4%) patients were ambulatory referrals to the
Respiratory Diseases outpatient COVID follow-up clinic
of the UZ Leuven by their treating primary physician.
Mean follow-up time-point was 306 days from infection
(£ 149 days). In total, 207 patients gave their consent for
the amendment study and additional biological analyses
were performed. A flowchart of the study can be found
in Fig. 1.

Case definition and symptom prevalence

The most common symptoms reported by patients in the
present study were fatigue (33.2%), unrefreshing sleep
(29.5%), PEM (24.4%), and muscle pain (22.3%). Symp-
toms were reported to be of at least moderate intensity
and felt at least half of the time in an average week. PCA
revealed that symptoms clustered in 6 main independent
components. The first component includes PEM, fatigue,
unrefreshing sleep, muscle weakness, and pain. We called
this component PEM-fatigue. This component alone
explained 40.27% of the symptom variance. The second
component, Cognitive dysfunction, included problems
with memory, attention, and expression. The third com-
ponent, Autonomic symptoms, includes symptoms for
unsteadiness when standing, cold hands and feet, and
unexplainable hot—cold feelings. The fourth component,
Visceral problems, includes bloating, stomach-ache, and
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irritable bowel symptoms. The fifth component, named
Neurological symptoms, includes headache and sensitivity
to light, noise, and smells. The sixth component, called
Immune disturbances, includes sore throat and flu-like
symptoms. A full description of the PCA can be found in
the additional files (Additional file 2: Tables S1-S3, Figs.
S$1-S4). Then, we used K-mean cluster analyses to sepa-
rate the population in two non-overlapping clusters based
on symptom severity per each symptom component.
Two-hundred and thirty-one subjects (74.5%) scored
significantly low to all six components and belonged to
no cluster. These subjects showed no persistent symp-
toms and served as asymptomatic controls. One-hundred
and twenty-seven participants (35.5%) had moderate or
severe symptoms in at least one component and were
defined as Long-COVID patients. The most prevalent set
of symptoms were PEM-fatigue, that is present in 57 par-
ticipants (15.9%). The second most prevalent set of symp-
toms was related to cognitive dysfunction, present in 41
patients (11.4%). Thirty-seven patients (10.3%) showed
significant immune symptoms, 30 reported visceral
problems (8.3%), 19 autonomic symptoms (5.3%), and
15 neurological symptoms (4.1%) (Fig. 1 and Additional
file 2: Fig. S2). We also attempted at identifying a scor-
ing system that would predict whether a patient belong
so a certain cluster. Using receiver operating characteris-
tic (ROC) analyses, we showed that a score of 4 or higher
in most items of each cluster predicts whether a patient
belongs to the cluster of interest with excellent accuracy
(Additional file 3: Tables S4-S7 and Figs. S5-S8). Our
results are in line with previous studies using the DSQ in
patients with ME/CES.

Associations between patients’ characteristics and clinical
symptoms

An overview of the socio-demographic and clinical char-
acteristics of the explored cohort can be found in Table 1.
Significantly more women were in the Long-COVID
group (44% vs. 32% in the control group). Time from
infection did not influence long-term symptoms. Acute
infection severity (i.e. need for ICU at admission) did not
influence the prevalence of persistent symptoms—14.9%
of participant who accessed the ICU reported persistent
symptoms vs. 20.4% of participants who did not access
ICU. Similarly, acute infection severity did not influence
physical function either—need for ICU at admission is
not associated with the distance covered at the 6MWT.

Relevance of biological factors in Long-COVID

A complete overview of the biological factors assessed,
including raw and corrected values, can be found in
Table 2. No between-group differences were found in
any biological marker between asymptomatic controls
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Table 1 Socio-demographic and clinical characteristics of the explored cohort. Data presented as raw means and standard deviations
(SD). BMI, body-mass index; HADS-D, Depression as assessed by the Hospital Anxiety and Depression Scale; DSQ, DePaul Symptom
Questionnaire; 6MWT, 6-min walking test; mGLM, multivariate general linear models including age and BMI as covariates, gender and
ICU as fixed factors with p <0.05. Bold values represent statistically significant difference between the cluster and the asymptomatic
controls, after correcting for multiple testing. tSignificant between-group differences at the chi-square test. "PComparison between
controls and the PEM-fatigue subgroup; ‘comparison between controls and the cognitive subgroup; Ycomparison between controls
and the visceral subgroup; *comparison between controls and the autonomic subgroup; 'comparison between controls and the
immune subgroup; "comparison between controls and the neurological subgroup

Asymptomatic Long- Long- Long- Long- Long- Long- Long-COVID  Corrected p
controls CovID covib covib covib COovID CovID Neurological values from
(n=231) All PEM- Cognitive  Visceral Autonomic Immune (s=15) mGLMs
(n=127) fatigue (n=41) (n=30) (n=19) (n=37)
(n=57)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) p values
Age 585 (12.5) 53.6 (14.5) 49.2(15.2) 53.5(13.6) 50.4(15.2) 60.9(12.7) 550(14.7) 50.1(16.6) 0.001P,
0.0315
0.009";
0.036™ ns*!
BMI 29.0 (5.6) 28.8(5.4) 29.1 (5.9) 29.2(5.7) 27.8(4.1) 299 (3.9) 27.5 (4.9) 27.6 (4.0) nsPevaln
Gender (F/M) 73/158 56/71 31/26 18/23 14/16 8/11 13/24 9/6 0.0011%
0.0241";
r.]Sc,\/,a,i
ICU (yes/no) 88/143 42/85 18/39 19/22 5/25 8/11 19/18 3/12 0.021tY;
nSD,C,B,\,H
Days from infec- 308 (145) 302 (156) 303 (174) 302 (125) 303 (185) 295 (140) 271 (163) 321(127) nsPevaln
tion
Timepoint (4/6- 48/39/144 28/23/76 15/10/32 7/8/26 9/4/17 3/5/11 10/8/19 2/2/11 nsPevaln
9/>12 months)
Vaccina- 178/27/26 87/19/21 38/7/12 31/6/4 16/5/9 1711 27/7/3 7/4/4 0.033",
tion (yes/no/ nsPeva!
unknown)
HADS-D 186/14/9 76/17/19  26/12/9 24/4/11 13/4/7 9/2/6 21/6/8 8/1/5 0.0074Pcvaln
(normal/mild/
severe)
6MWT
Distance 568.6(122.2) 511.91 467.1 525.8 542.8 404.3 494.5 544.0 (98.7) 0.001P#
(metres) (138.8) (147.6) (141.3) (129.3) (137.6) (130.4) 0.0105
0.047™: ns”
Oxygen satura- 96.9 (1.7) 96.9(1.7) 96.9(1.7) 96.8 (1.6) 97.1(1.3) 96.7 (14) 96.9(1.7) 98.0(14) ngPevalin
tion before test
(%)
Oxygen satura- 94.0 (3.5) 94.3(3.3) 94.3(34) 94.6 (2.4) 953 (1.9) 94.8 (2.3) 94.1(3.7) 95.9(1.8) nsPevaln
tion after test (%)
Dyspnoea 0.7(1.3) 1.4(1.8) 2.3(2.1) 1.4(1.8) 1.60(1.9) 1.62(1.9) 1.81(2.1) 1.38(2.5) 0.001P"";
(Borg) before test 0.018%
0.005";0.023°
Dyspnoea 3.1(20) 4.1 (2.5) 5.2(2.3) 4.0 (2.7) 3.90(2.2) 362(24) 4,06 (2.9) 3.69 (2.3) 0.0017;0.305
(Borg) after test 0.022%: ns'"
Leg fatigue 0.8(14) 1.3(1.7) 2.0(2.1) 144(1.8) 1.70(1.7) 1.77(1.7) 1.56(1.9) 1.54(1.6) 0.001%;
(Borg) before test 0.041¢
0020
0.007%0.032}
ns"
Leg fatigue 3.1(23) 4.4 (2.5) 5.1(2.6) 4.5 (2.9) 5.05(2.5) 5.31(2.7) 4.47(2.5) 354(28) 0.001P2
(Borg) after test 0.002%":
0.008'; ns"
SF-36
General health  61.55(19.15) 40.94 35.93 40.13 36.88 35.29 36.86 42.50(20.73) 0.001P¥AIN
(18.87) (18.23) (20.79) (18.22) (17.80) (15.11)
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Asymptomatic Long- Long- Long- Long- Long- Long- Long-COVID  Corrected p
controls CovID coviD covib CcoviD CovID CovID Neurological values from
(n=231) All PEM- Cognitive Visceral Autonomic Immune (s=15) mGLMs
(n=127) fatigue (n=41) (n=30) (n=19) (n=37)
(hn=57)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) p values
Mental health  78.11 (15.87) 61.60 59.47 59.18 55.00 60.00 59.66 54,00 (21.38) 0.001PCvain
(17.33) (18.14) (19.42) (18.84) (20.92) (16.38)

Vitality 66.09 (18.67) 44.06 33.37 44.74 39.79 45.00 45.00 39.29 (24.71)  0.001PEvain
(18.82) (17.78) (20.93) (20.02) (23.65) (19.32)

Physical health  75.94 (22.66) 52.86 39.59 51.15 61.25 27.65 53.71 53.21(35.17) 0.001P<n
(27.81) (23.18) (31.15) (25.07) (23.12) (26.38) 0.011Y

Emotional 77.18 (35.07) 49.11 42.82 43.59 51.39 41.18 38.10 42.86 (44.20) 0.001P<
limitation (40.75) (39.13) (42.68) (39.29) (43.34) (40.53) 0.002""

Physical limita-  63.74 (41.84) 23.21 10.43 21.15 30.21 16.18 22.14 23.21(38.56) 0.001P<
tions (35.63) (25.39) (35.60) (41.03) (26.43) (33.63) 0.009; 0.005"

Pain 76.05(20.18) 55.11 42.67 53.72 46.46 46.18 48.14 46.79 (31.72) 0.001P<van

(25.62) (25.24) (29.16) (27.68) (31.23) (27.28)

Social func- 80.92 (20.67) 56.00 46.26 51.60 61.46 37.50 47.14 44.64 (38.82) 0.001P<2"
tioning (26.79) (26.62) (27.23) (31.69) (22.96) (28.45) 0.007"
Symptoms (DSQ)

PEM-fatigue -035(041) 0.79 (1.45) 2.09(0.97) 0.42(1.49) 0.44(1.28) 0.34(1.29) 061(1.51) 1.07(1.83) 0.001%;

0.002%;
0.031% ns'™

Cognitive —0.20(0.91) 044 (1.66) 004(1.70) 2.23(1.55) 038(203) 0.88(2.56) 032(1.70) 0.82(2.53) 0.001 C
dysfunction nsPYAtn

Visceral prob-  —0.17(0.78) 0.41(1.60) 0.19(1.76) —-0.012 2.73(1.41) 0075(1.11)  041(1.87) 0.68(2.26) 0.006°;
lems (141) 0.001Y; ns&an

Autonomic/  —0.15 (0.40) 0.32(1.67) 0.08(1.87) 053(215) 0072(167) 3.51(1.71) 0.41(1.55) 067 (3.09) 0.001P2<}
orthostatic ns*"

Immune —0.13(0.43) 0.26 (1.67) 0.08(1.98) 0.14(1.99) —-0.11 0.52(2.65) 2.28(1.52) 0.11(237) 0.006P<v;
disturbances (1.12) ns"

Neurological —0.03 (0.39) 0.10(1.68) —0.07 0.10(1.86) 0.25(1.84) 0.33(1.92) —0.002 3.48(1.31) 0.001°4n:
symptoms (2.08) (1.82) 0.003%; ns?

and the patient group, when including all patients
with at least one symptom cluster. However, when
comparing asymptomatic controls to patients in the
PEM-fatigue cluster, troponin T, telomere length, and
mtDNAcn were significantly different between groups
(Table 2 and Fig. 2).

This suggested that different biological mecha-
nisms underlie different clinical subgroups. We thus
decided to continue with the analyses focussing on
these patients’ subgroup, as it was the largest subgroup
of patients, and explained over 40% of the symptom
variance alone. Linear regression showed that PEM-
fatigue symptoms were predicted by telomere length,
troponin T, and age. No cytokine was able to predict
PEM-fatigue symptoms (Table 3). Troponin T was sig-
nificant higher in women (corrected mean diff.=6.49
[SE=2.68], p=0.016) and older participants ($=0.28
[SE=0.07], p=0.001). Age also predicted telomere
shortening (8= —0.007 [SE =0.002], p=0.001) [33].

Discussion

The present study aimed to investigate persistent symp-
toms in a large cohort of patients who were infected with
SARS-CoV-2 and to explore possible biological mecha-
nisms that can contribute to the persistence of symp-
toms. We analysed serological markers, inflammatory
markers in plasma, telomere length as a proxy of cell’s
general health and biological ageing, mtDNAcn as a
proxy of cell metabolism, and LINE-1 DNA methylation
as a proxy of global DNA methylation. To the best of our
knowledge, our cohort is one of the largest to date with
such a comprehensive clinical and biological assessment
in patients with Long-COVID.

Over 35% of patients infected with SARS-CoV-2
reported at least 2 persistent symptoms between 4 and
24 months after infection. Based on patients’ clinical
presentation, we were able to identify 6 different clusters.
The main cluster, present in almost half of those with
persistent symptoms (and 16% of the total population),
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Fig. 1 Flowchart summarising patients'flow and the cohort used for the analyses

included fatigue, PEM, pain, and sleep disturbances.
Other clusters were defined by cognitive dysfunction,
visceral problems, autonomic symptoms, immune dis-
turbances, and neurological symptoms. Similar findings
were published in over 2000 patients with ME/CFS [34].
Several large cohorts have been exploring Long-COVID
in the past few months, but very few attempted to cluster
patients based on their symptom presentation [35-38].
Patient stratification based on the clinical presentation
is a promising approach to study biological underlying
mechanisms in more homogeneous groups. We found
PEM-fatigue symptoms are associated with higher levels
of troponin T, shorter telomere length, and lower mtD-
NAcn. Higher troponin T and shorter telomere length
also predicted PEM-fatigue symptoms in linear regres-
sion models. Troponin T is therefore the result that is
most consistent in our analyses, as it predicts both symp-
toms and physical function. Troponin increase is used as
a sign of cardiac involvement and it has been thoroughly
investigated in patients with COVID-19 [39-41]. Though
it is not clear whether troponin level are a consequence of
SARS-CoV-2 infection, or are associated to comorbidities

[39], previous research showed that its level remains ele-
vated for up to 14 months [40, 41]. Here, we show that
troponin T (together with D-dimer—another marker of
vascular dysfunction) is significantly elevated in patients
who show persistent symptoms and decreased physical
function after 12 months. This suggests possible cardiac
contribution to symptom persistence and should be con-
sidered when proposing rehabilitation programmes.
Telomere length is known to be associated with chron-
ological ageing and cellular senescence [33, 42]. Together
with other markers, telomere length represents an
informative marker to assess biological age and general
health [43]. Telomere shortening is influenced by several
factor through the lifespan, such as chronic stress, oxi-
dative stress, inflammation, and metabolic mechanisms
[43]. Telomere shortening has been associated with
fatigue [44] and has been observed in patients with ME/
CES [45]. Similarly, telomere shortening and reduced bio-
logical age was found in people with COVID-19 and has
been suggested as a predictor for symptom persistency
[12, 46]. Telomeres can only shorten during cell division.
In total, cells divide between 36 and 120 times during
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Table 2 Biological factors assessed. Data presented as raw means and standard deviations (SD). HbA ¢, glycated haemoglobin; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; WBC,
white blood cell; 7/5, telomere copy number to single-copy gene number; mtDNAcn, mitochondrial DNA copy number; mtDNA/S,
ratio of ND1/Hmito3 copy number to single-copy gene number; mGLM, multivariate general linear models including age and BMI as
covariates, gender and ICU as fixed factors with p < 0.05. Bold values represent statistically significant difference between the cluster
and the asymptomatic controls, after correcting for multiple testing. *Statistically significant between-group differences

Asymptomatic controls Long-COVID Long-COVID mGLM
All PEM-fatigue
Asymptomatic controls vs. PEM-fatigue
Mean (SD) Mean (SD) Mean (SD) Corrected mean diff. (SE) Corrected
p values
Serum (n>=141) (n=61) (n=21)
D-dimer (ug/L) 449.76 (429.38) 470.90 (449.47) 511.76 (534.72) 46,668 (104.61) 0.656
HbA1c (%) 5.75(0.58) 5.80(0.77) 6.03 (0.89) 0.340(0.13) 0.120
ALT (u/L) 26.80 (18.50) 27.97 (26.08) 27.93 (27.05) —4.420 (3.78) 0.244
AST (u/L) 24.56 (13.36) 24.82 (13.36) 24.66 (11.78) -0.162 (3.27) 0.961
Creatinine (mg/dL) 0.94 (0.29) 0.94 (0.32) 0.94(0.38) 0.093 (0.06) 0216
CRP (mg/L) 5.56 (16.45) 6.93 (16.68) 6.26 (10.94) —0.019 (2.69) 0.994
eGFR (mL/min/1.73 m?) 84.15(20.32) 85.50(21.17) 86.00 (23.28) 0.160 (4.22) 0.970
Troponin T HS (ng/mL) 11.26 (9.60) 13.52 (16.49) 14.19 (21.42) 6.933 (2.61) 0.029*
Platelets (u/nL) 252.12 (65.28) 253.94 (63.26) 279.95 (66.28) 7.698 (13.43) 0.567
WBC (u/nL) 6.95 (2.07) 722 (1.96) 7.03(2.12) 0.980 (0.57) 0.091
Plasma (n>93) (n=>54) (n=15)
IFN-y (pg/mL) 21.88(36.61) 19.91 (38.07) 2332 (23.16) —1.241(9.39) 0.960
IL-10 (pg/mL) 0.54 (0.42) 044 (0.52) 0.39(0.25) —0.185(0.10) 0.297
IL-9 (pg/mL) 0.55(0.74) 0.63(0.74) 0.67 (0.99) 0.130(0.13) 0.681
MIP-3a (pg/mL) 24.63 (26.96) 29.55 (46.10) 19.52 (61.93) —3.091(7.82) 0.594
TNF-a (pg/mL) 1.50 (1.23) 1.85(1.88) 2.34(2.14) 0411 (0.35) 0476
IL-17E/1L-25 (pg/mL) 9.35(8.38) 9.62 (8.93) 10.01 (8.82) 1.350 (2.23) 0877
IL-17F (pg/mL) 1479.60 (2124.31) 803.01 (613.81) 752.11(519.76) —653.78 (972.01) 0.345
IL-21 (pg/mL) 96.72 (97.17) 81.87(82.72) 98.57 (87.57) 2.797 (23.79) 0.907
IL-22 (pg/mL) 341 (2.86) 3.34(0.44) 3.64 (2.78) 0427 (0.73) 0.560
PBMCs (n=137) (n=61) (n=21)
Telomere length (T/S ratio) 1.07 (0.33) 1.04 (0.32) 0.79 (0.29) —-0.272(0.77) 0.012*
mtDNAcn (mtDNA/S ratio) 1.08 (0.34) 0.99 (0.34) 0.83(0.42) —0.249 (0.08) 0.042*
LINE-1 DNA methylation (%) 75.76 (4.54) 76.25 (4.01) 74.52 (4.98) 1.239(1.21) 0441

a 85-year lifespan, with half of them happening in the
first 24 years of age [47]. Thus, it is probably more likely
that telomere shortening happened before the infection,
rather than as a consequence of it. This calls for more
research focussing on how to maintain longer telomeres,
especially during early life, as a form of prevention.
mtDNAcn decline is often found in during ageing and
metabolic diseases, and it has been proposed as a bio-
marker for poorer health [48]. Our results would be in
line with these observations, as one of the main mecha-
nisms associated with Long-COVID, especially when
fatigue and PEM are present, is impaired metabolism
[49]. Although mtDNAcn was lower in patients with
PEM-fatigue symptoms, it did not significantly predict

symptoms in our regression models. More research is
needed to elucidate the actual role of mitochondrial bio-
genesis in Long-COVID.

A final relevant result from our biological analyses
is the lack of associations between Long-COVID and
immune markers such as CRP and cytokine expression.
Immune dysregulation has been consistently found after
SARS-CoV-2 infection, and accumulating evidence shows
that might be the case for Long-COVID as well [50, 51].
The most significant cytokines identified in previous
studies were GM-CSF, TNF-a, IEN-y, IL-2, IL-4, IL-6,
IL-10, and IL-17 [50, 51]. We included those cytokines
in our study but found no between-group difference
nor associations with clinical symptoms. This might be
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(including age and BMI as covariates, gender and ICU as fixed factors).
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or mtDNA/S ratio, respectively

explained by the specific design of each study, such as the
eligibility criteria for the patient and control groups, the
case definition for Long-COVID, the confounding fac-
tors, and covariates included in the statistical models (i.e.
adjusted for age, BMI, sex, need for ICU, and total WBC).
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A systematic review on the topic included 15 studies,
showing significant heterogeneity in the methodology
applied [50]. For instance, some define Long-COVID,
when symptoms persist for 6 weeks, though current con-
sensus agrees on defining Long-COVID only when symp-
toms persist for at least 4 months [51].

Strengths and limitations

The results from the present study should be interpreted
with caution. Our study might suffer from selection bias
leading to an overestimation of persistent symptoms
given the fact that the majority of cases had been admit-
ted to hospital. In addition, it was not possible for us to
control for every possible comorbidity, or medication
intake. Patients were enrolled over the period of 2 years,
which means that they were likely infected by differ-
ent virus variants and viral load. We were unfortunately
unable to track this in their medical record. Secondly,
ICU stay was used as a surrogate marker for acute disease
severity, which is not ideal given that ICU referral/admis-
sion varied over the course of the pandemic—i.e. lower
threshold for ICU admission was set during the first
two waves as compared to the third wave, where more
semi-intensive care on ward was applied. Some data are
missing in our dataset, as a consequence of declined par-
ticipation or incomplete filling of clinical questionnaires
from the patients. When biological data were missing,
it was mostly the consequence of patients not agreeing
to physically visit the department or because the sero-
logical analyses were not reported in the medical record.
In total, only about half of the participants had a com-
plete assessment including both clinical and biological
measurements. However, patients included in the pre-
sent study were enough to perform powered statistical
analyses, according to sample size calculation. Finally,
the present study is cross-sectional in nature, and we
thus cannot give a definite answer on the cause of Long-
COVID. We indeed call for further research exploring
biological mechanisms in patients with Long-COVID,
to confirm our results. However, all our models are ran-
dom effect models adjusted for age, BMI, gender, ICU
admission, and total white blood cell count. These are
solid models. In addition, the fact that two out of three
markers (telomere length and troponin expression) are
also found significant in regression models (again, using
model adjustments as above) strengthens our between-
group results.

Conclusions

We confirm previous research showing that about a third
of patients with COVID-19 reported persistent symp-
toms at 4 to 24 months after infection. Long-COVID
should not be regarded as a single entity. We clustered
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Table 3 Results from regression models for PEM-fatigue symptoms. TL, telomere length; mtDNAcn, mitochondrial DNA copy number;
DNAm, DNA methylation. *Combined model refers to the regression models combining all biological markers—serological, cytokines,
and markers from PBMCs. All models were adjusted for age, BMI, gender, ICU, time from infection, and total white blood cell count

Dependent variable Model predictors

Explained variability

Unstandardised B-values of significant Model p value

PEM-fatigue symptoms Serological markers R?=0.173
PEM-fatigue symptoms TL R?=0.094
mtDNAcn
LINE-1 DNAmM
PEM-fatigue symptoms Cytokines R?=0.009
PEM-fatigue symptoms Combined model* R?=0.172

predictors

Troponin T 8=0.02, 95% C.I.[0.01, 0.03] 0.001*
Age B=-0.02,95% C.I.[-0.04,0.01]

TL B=-0.585,95% C.l. [-1.09,—0.074] 0.007*
Age B=-0.02,95% C.I.[-0.03,0.01]

No significant predictors 0455
Troponin T 8=0.03,95% C.I.[0.01, 0.04] 0.001*

TLB=-0.586,95% C..[-1.02,-0.157]

patients according to their clinical presentation and
found 6 independent subgroups that should be consid-
ered in future research. Our results suggest that cardiac
involvement (as measured by troponin T levels) and
telomere shortening might be a relevant risk factor for
developing PEM-fatigue symptoms, and possibly other
post-viral syndromes, which deserves further explor-
ing. There is an urgent need for a better understanding
of biological mechanisms in Long-COVID and similar
syndromes like ME/CFS. Future research should employ
patient clustering to better subgroup patients, use pro-
spective designs to unravel symptom fluctuation and
causal mechanisms, and identify disease-specific targets
to develop tailored treatments.
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