Articles

High-dose coenzyme Q10 therapy versus placebo in patients
with post COVID-19 condition: a randomized, phase 2,
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Summary

Background Post COVID-19 condition (PCC) is defined as symptoms lasting more than 12 weeks after developing
COVID-19. Evidence of mitochondrial dysfunction has been reported in peripheral blood mononuclear cells
obtained from patients with COVID-19. We hypothesized that PCC is caused by prolonged mitochondrial
dysfunction. Given that coenzyme Q10 (CoQ10) can improve mitochondrial function, we examined whether high-
dose CoQ10 can reduce the number and/or severity of PCC-related symptoms.

Methods In this placebo-controlled, double-blind, 2 x 2 crossover interventional trial, participants were recruited from
two centres at Aarhus University Hospital and Gedstrup Hospital, Denmark. They were randomly assigned to receive
either oral capsules of CoQ10 in a dose of 500 mg/day or placebo for 6 weeks, with crossover treatment after a 4-week
washout period. The ED-5Q and a PCC-symptom specific questionnaire were completed by the participants at 5 visits
during the 20-week study period. The primary endpoint was the change in the number and/or severity of PCC-related
symptoms after the 6-week intervention compared to placebo. Participants who completed the two-dosing period were
included in the primary analysis, while all participants receiving one dose were included in safety assessment.

Findings From May 25th, 2021, to September 22nd, 2021, 121 participants underwent randomization, and
119 completed both dosing periods — 59 and 60 in group A and B, respectively. At baseline, the mean PCC-related
symptom score was 43.06 (95% CI: 40.18; 45.94), and the mean EQ-5D health index was 0.66 (95% CI: 0.64; 0.68).
The difference between CoQ10 and placebo was not significant with respect to either the change in EQ-5D health
index (with a mean difference of 0.01; 95% CI: —0.02; 0.04; p = 0.45) or the change in PCC-related symptom
score (with a mean difference of —-1.18; 95% CI: -3.54; 1.17; p = 0.32).

Interpretation Based on self-reported data, CoQ10 treatment does not appear to significantly reduce the number or
severity of PCC-related symptoms when compared to placebo. However, we observed a significant spontaneous
improvement on both scores regardless of treatment during 20 weeks observation.

Funding Placebo and CoQ10 capsules were provided by Pharma Nord, and the trial was supported by grants from the
Novo Nordisk Foundation (NNF210C0066984). This trial is registered with EudraCT, 2020-005961-16 and Clin-
icalTrials.gov, NCT04960215. The trial is completed.

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

DOI of original article: https://doi.org/10.1016/j.lanepe.2022.100544
*Corresponding author. Department of Infectious Diseases, Aarhus University Hospital, Palle Juul-Jensens Blvd. 99, Aarhus N 8200, Denmark.
**Corresponding author. Department of Infectious Diseases & Internal Medicine, Gedstrup Regional Hospital, Hospitalsparken 15, Herning 7400,
Denmark.

E-mail addresses: krthas@rm.dk (K.S. Hansen), stefleth@rm.dk (S. Leth).
Co-last author.

www.thelancet.com Vol 24 January, 2023

Check for
updates

The Lancet Regional
Health - Europe
2023;24: 100539
Published Online 2
November 2022
https://doi.org/10.
1016/j.lanepe.2022.
100539


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.lanepe.2022.100544
mailto:krthas@rm.dk
mailto:stefleth@rm.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lanepe.2022.100539&domain=pdf
https://doi.org/10.1016/j.lanepe.2022.100539
https://doi.org/10.1016/j.lanepe.2022.100539
https://doi.org/10.1016/j.lanepe.2022.100539
www.thelancet.com/digital-health

Articles

Research in context

Evidence before this study

We searched on PubMed on Dec 2nd, 2020, with no
limitations by starting date or language, with the terms “Long
COVID-19", "Persistent COVID-19”, “post-COVID syndrome”,
“chronic COVID-19”, “Long Haulers”, “Chronic fatigue
syndrome”, *
“Coenzyme Q10" and “Ubiquinone”. Systematic terminology
in the field of post COVID-19 condition (PCC) was not yet
established, complicating the initial research in databases.
We found several papers describing PCC, but at this early
stage of recognizing the disorder, we found only few articles
addressing a possible pathogenesis. Some papers stated that
PCC may be caused by changes in cellular metabolism, and
one study draw comparison between the symptomatology
described in PCC and in myalgic encephalomyelitis (also
termed chronic fatigue syndrome). We further identified
studies, which showed that Coenzyme Q10 had significant
effect on fatigue in myalgic encephalomyelitis and increased
survival in patients suffering from heart insufficiency.

We found no randomized controlled trials exploring the effect
of a pharmacologic intervention on patient reported

"o

mitochondria,” “oxidative stress” and

Introduction

As of May 2022, more than 500 million confirmed cases
of SARS-CoV-2 have been reported, with an unparal-
leled impact on global society.! Importantly, many re-
ports describe the presence of persistent, debilitating
symptoms in COVID-19 survivors, reflecting the lasting
clinical effects of SARS-CoV-2 infection.” Post COVID-
19 condition (PCC, also known as long COVID) is
defined as a diverse range of multi-organ symptoms
lasting at least three months from the onset of COVID-
197 Up to 32% of COVID-19 patients report experi-
encing these persistent symptoms after 90 days.°
Although several hypotheses regarding the pathogen-
esis of PCC have been suggested, the underlying
mechanism remains poorly understood.”

Mitochondria play an essential role in cellular ho-
meostasis and are involved in regulating both innate
and adaptive immunity.® Acquired mitochondrial
dysfunction can be triggered by environmental factors
and often leads to metabolic dysregulation and chronic
illness, causing numerous symptoms and involving
multiple organ systems, particularly organs and tissues
with high energy demand such as the brain, skeletal
muscle, and cardiac muscle.””” Interestingly, the pre-
dominant characteristics of PCC include fatigue,
neurological symptoms, muscle weakness, and dyspnea,
thus overlapping in symptomatology with impaired
mitochondrial respiration.”"

Recent studies suggest that the inflammatory
response in acute COVID-19 may compromise mito-
chondrial function. Evidence of mitochondrial
dysfunction, altered mitochondrial morphology, and

symptoms. As PCC is based on subjective reporting, no animal
studies had been conducted. Later more and larger studies
characterizing PCC emerged, alongside studies in acute
COVID-19 describing impaired mitochondrial dysfunction.

Added value of this study

Based on WHO-estimates, millions of patients worldwide
suffer from post COVID-19 condition, but no evidence of an
effective medical treatment has yet been published. This
study is the first randomized, controlled trial investigating an
effect of a medical product in post COVID-19 condition. It
adds knowledge to a scarcely described field and to the
current effort of demasking the biological mechanism behind
post COVID-19 condition.

Implications of all the available evidence

Our findings suggest that Coenzyme Q10 should not be
recommended as treatment PCC. Further studies on host cell
metabolism in patients with PCC are required to illuminate
the mitochondrial involvement in this disorder.

altered cellular metabolism with increased glycolysis has
thus been reported in peripheral blood mononuclear
cells obtained from patients with COVID-19.">"* Coen-
zyme Q10 (CoQ10) is a natural occurring, endogenously
produced vitamin-like compound that plays a key role in
cellular bioenergetics by serving as an electron trans-
porter in the mitochondrial membrane and is essential
to aerobic respiration.'*” Based on the multi-organ
symptomatology of PCC and studies showing
impaired cellular mitochondrial metabolism in patients
infected with SARS-CoV-2, we hypothesized that the
fatigue, dyspnea, neurological symptoms, and muscle
symptoms in patients who develop PCC are caused by
chronic mitochondrial dysfunction. We therefore
investigated whether treating patients with high-dose
CoQ10 can reduce the number and/or severity of
PCC-related symptoms, providing a potential therapeu-
tic strategy.

Methods

Study design and participants

This study was an investigator-initiated, randomized,
double-blind, placebo-controlled interventional clinical
trial with a crossover design. The trial was conducted at
the Department of Infectious Diseases at Aarhus Uni-
versity Hospital, Denmark. Participants were recruited
from the PCC Outpatient Clinic at Aarhus University
Hospital and Gedstrup Hospital, Denmark, directly or
by letter invitation. In Denmark, patients are eligible for
referral to a specialized PCC Outpatient Clinic if they
have more than two persisting symptoms 12 weeks after
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COVID-19. The following inclusion criteria were
applied: >18 years of age; ability to give written informed
consent; a history of SARS-CoV-2 infection based on
either a PCR test or antibody test; and PCC-related
symptoms that were diagnosed by a specialized infec-
tious disease physician at the PCC Outpatient Clinic and
are not attributable to any other comorbidity or condi-
tion. In addition, we excluded patients who presented
with symptoms associated with acute COVID-19,
hypersensitivity to any components in the study drugs,
reduced liver and/or kidney function, or current
pregnancy.

The study protocol was approved by the Danish
Medicines Agency, the Danish Data Protection Agency,
and the Central Denmark Regional Committee on
Health Research Ethics (Protocol version 1.3, ID:
M-2020-329-20) and conducted in accordance with the
principles of the Declaration of Helsinki. Each patient
provided written informed consent before any study
procedures.

Randomization and masking

Eligible patients were randomized to either arm A or
arm B (Fig. 1). Allocation lists were generated at a
1:1 ratio using permuted blocks with random varying
sizes of four and eight. Proper concealment of
randomization was obtained by the use of an external
randomization service (Clinical Trial Unit, Department
of Clinical Medicine, Aarhus University, Denmark),
who created the computer-generated sequence. The
allocation list was stored in an electronic database with a
concealed de-identification code, in case premature
blinding was needed. This process was logged and
monitored. No pre-randomizing stratification occurred.
Allocation lists were obtained by the pharmaceutical
supplier for preparation of the study medicine without
the involvement of trial personnel. Upon inclusion,
participants were granted study-ID chronologically and
received appertaining prepared study medicine. The
placebo capsules were specifically created to resemble
capsules of CoQ10 and were undistinguishable. The
packs of study medicine were labelled with study-ID and
dosing period. Thus, the allocation was concealed for
participants and all trial personnel.

Trial procedures

The 20-week study period consisted of 5 visits in total.
The patients assigned to arm A received CoQ10 capsules
for 6 weeks, and the patients assigned to arm B received
placebo capsules containing soy oil for 6 weeks. After a
4-week washout period, the patients were allocated to
the opposite treatment regimen for a second 6-week
dosing period; the patients then had a final follow-up
visit 4 weeks after the second dosing period (Fig. 1A).
At each visit, the participants completed two
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questionnaires addressing organ-specific symptoms and
quality of life (the complete questionnaires are provided
in the Supplementary Appendix). CoQ10 has been
thoroughly tested in numerous clinical trials at doses
ranging from 50 to 3000 mg/day, generally showing a
low incidence of adverse events. The recommended
daily dose for CoQ10 supplementation ranges from 30
to 200 mg/day."* We chose a dose of 500 mg/day, which
was administered as five 100-mg doses per day in order
to maximize intestinal absorption. All study-related data
were collected and managed using REDCap electronic
data capture tools, hosted at Aarhus University,
Denmark."

Outcomes
The primary endpoint was the change in the number
and/or severity of PCC-related symptoms after six weeks
of CoQ10 treatment or placebo compared to baseline,
measured as a symptom score and a health index. When
the study was designed, no objective analysis was
available for evaluating the severity of PCC; therefore,
we developed a scoring system using two question-
naires, the EQ-5D and a PCC-specific questionnaire.
The EQ-5D is a validated questionnaire that provides a
generic measure of health status. We used the descrip-
tive part of this questionnaire, which assesses health
based on the following five dimensions: mobility, self-
care, usual activities, pain/discomfort, and anxiety/
depression.”® Each dimension has a 5-tier response
ranging from a score of 1 (no problems) to a score of
5 (extreme problems). A country-specific health state
index score ranging from 0 to 1 can then be derived
from the responses, with 0 representing the worst
imaginable health and 1 representing optimal health.
The PCC-specific questionnaire consists of 32 questions
based on the available literature and prevalent symp-
toms reported in a Danish cohort of patients with PCC.”!
Each response is divided into five levels of severity
ranging from 0 to 4 (corresponding to the lowest
severity to the highest severity), yielding a total PCC-
related symptom score with a maximum of 128 points.
Safety and tolerability of CoQ10 were assessed for all
participants who received at least one dose, and adverse
events were scored in accordance with the Common
Terminology Criteria for Adverse Events (CTCAE), v5.0.
For safety analyses, the number and percentage of
subjects who experienced one or more adverse events
were summarized by severity, and the potential rela-
tionship between the adverse events and the study drug
was assessed.

Statistical analysis

No previous data regarding the effect of CoQ10 for use
in the treatment PCC were available to guide our
determination of the sample size needed for this study.
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Fig. 1: Outline of the study design and trial profile. a) Schematic illustration of the study design. The solid circles indicate the five timepoints
for completing the questionnaires. b) Flow diagram showing the number of participants at each stage of the trial.

The power calculation was therefore based on assump-
tions derived from data collected in Denmark using
the PCC-specific questionnaire.”’ Assuming a minimal
detectable difference in mean symptom score of
10 points with a standard deviation of 20 points and a
5% significance level, number of participants needed
was 106.

A health state index score was calculated using the
country-specific values obtained from the EQ-5D ques-
tionnaire.”” To analyze the treatment effect of CoQ10
versus placebo and to quantify the period and sequence
effects, we used a linear mixed-effects model with
sequence, period, and treatment as two-level, fixed
factors and participants as a random factor. This method
was applied on the data from both the PCC and the
EQ-5D questionnaire.

The PCC-specific questionnaire is divided into seven
clusters of questions representing various organ sys-
tems; the same model was therefore used to compare
CoQ10 versus placebo regarding the change in total
symptom score in each cluster, performed as a post-hoc
analysis. Statistical analyses were performed using Stata
(v17). The statistical approach was modified slightly
before performing any analyses of the data
(Supplementary Appendix, page 8). There were no other
modifications of the protocol and no amendments that
affected recruitment or conduct were made.

The trial was monitored by the Danish Good Clinical
Practice Unit, there was no specific data monitoring
committee. The trial is registered with EudraCT, 2020-
005961-16 and ClinicalTrials.gov, NCT04960215, and is
complete.
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Role of the funding source

Placebo and CoQ10 capsules were provided by Pharma
Nord, and the trial was supported by grants from the Novo
Nordisk Foundation (NNF210C0066984). The funder of
the study had no role in study design, data collection, data
analysis, data interpretation, or writing of the report.

Results

From May, 2021, to September, 2021, a total of
121 participants enrolled in the study and were
randomly assigned to either arm A or arm B (Fig. 1B);
however, two participants assigned to arm B dropped
out of the study prior to the first dosing period.
The baseline demographics of the remaining 59 and
60 participants in arm A and arm B, respectively, are
summarized in Table 1. At baseline, the participants in
the two arms differed significantly with respect to
baseline PCC symptom score and EQ-5D health index,
reflecting a slightly higher level of PCC severity among
the participants in arm A. Aside from this small
difference, the groups were well balanced. Of the
119 participants, 117 (98.3%) were Caucasian. Eighteen
out of 119 participants were admitted to the hospital

during the course of acute COVID-19. None of them
were admitted to an intensive care unit and none
received dexamethasone or remdesivir for acute
COVID-19. All participants were in a follow-up course
at a specialized PCC outpatient clinic and had
2.57 contacts to a PPC physician on average at time of
inclusion. Regarding adherence to study medicine, the
participants missed no capsules in 40% of dosing regi-
mens (238 in total) and had an average of 7 capsules
missed per dosing regimen (each consisting of
210 capsules).

For the PCC-specific questionnaire, the mean
symptom score at baseline was 43.06 (95% CI: 40.18;
45.94), 46.35 (95% CI: 41.98; 50.73), and 39.80 (95%
CI: 36.07; 43.53) for all 119 participants, the 59 par-
ticipants in arm A, and the 60 participants in arm B,
respectively. As noted above, the difference at baseline
between arm A and arm B was statistically significant
(p = 0.02) (Table 1). The most prevalent symptoms at
baseline were concentration difficulties, mental fa-
tigue, physical fatigue, headache, and muscle weak-
ness (Table S1). A heatmap illustrating the PCC-
related symptoms throughout the study is shown for
the participants in arms A and B in Fig. 2. Depicting

Total cohort (n = 119) Arm A (n = 59) Arm B (n = 60)
Age, years - median (range) 49.0 (22-70) 50 (25-64) 48.5 (22-70)
Sex
Female - n (%) 9 (74.8) 44 (74.6) 5 (75.0)
Male - n (%) 0 (25.2) 15 (25.4) 5 (25.0)
BMI - mean (SD) 28. 08 (5.8) 28.45 (6.1) 27.71 (5.5)
BMI <25 - n (%) 42 (35.3) 21 (35.6) 1 (35.0)
BMI 25-30 - n (%) (18 6) 20 (33.9) (45.0)
BMI >30 - n (%) 0 (33.6) 18 (30.5) 2 (36.7)
Smoking status - n (%)
Current 7 (5.9) 3(5.1) 4 (6.7)
Never 76 (63.9) 39 (66.1) 37 (617)
Former 36 (30.2) 17 (28.8) 19 (31.7)
Hospital admission during acute COVID-19 - n (%) 18 (15.1) 10 (17.0) 8 (13.3)
Interval between COVID-19 onset and enrollment, days - mean (SD) 288.55 (119.7) 282.78 (117.3) 294.23 (122.8)
- n (%)
0 points 60 (50.4) 29 (49.2) 31 (51.7)
1 point 40 (33.6) 22 (37.3) 18 (30.0)
2 points 16 (13.5) 7 (11.9) 9 (15.0)
3 points 2 (1.7) 1(17) 1(17)
4 points 1(0.8) 0 1(17)
SARS-CoV-2 vaccination status at enrollment - n (%)
Fully vaccinated 101 (84.9) 53 (89.8) 48 (80.0)
Partially vaccinated 12 (10.1) 4 (6.8) 8 (133)
Unvaccinated 6 (5.0) 2 (3.4) 4 (6.7)
PCC symptom score at baseline - mean (SD) 43.06 (15.9) 46.35 (16.8) 39.8 (14.4)*
EQ-5D index at baseline - mean (SD) 0.66 (0.1) 0.63 (0.1) 0.69 (0.10)"
*p = 0.02 and fp < 0.001 versus arm A. BMI, body mass index; CCl, Charlson Comorbidity Index; PCC, post COVID-19 condition; SD, standard deviation.
Table 1: Patient characteristics at baseline.
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the distribution of severity of all the symptoms of the
PCC specific questionnaire, we observed, that the
participants in both arms slightly improve in almost
every symptom from baseline to week 6. This trend
was specifically pronounced for mental fatigue,
impaired concentration, hypersomnia and muscle
weakness. There is no clear pattern associated with
treatment regimen.

On average, the symptom scores were reduced by
5.18 points (95% CI: 3.40; 6.95) after the six-week
treatment with CoQ10, compared to a reduction of
4.04 points (95% CI: 2.13; 5.96) after receiving placebo
(Fig. 3A). After adjusting for sequence and period, the
mean difference in the change in symptom scores be-
tween CoQ10 and placebo was -1.18 (95% CI: —3.54;
1.17), indicating that on average the reduction in
symptom score was 1.18 points larger after CoQ10
treatment compared to placebo; however, this difference
was not significant (p = 0.32). In contrast, we found a
significant period effect; specifically, the mean differ-
ence in symptom scores between baseline and week six
was —5.85 points (95% CI: -8.21;-3.48; p < 0.001),
indicating that the participants in both arms improved

ArmA

significantly regardless of the treatment regimen in the
first treatment period.

The PCC-specific questionnaire is divided into seven
clusters of organ-specific symptoms covering cognition,
the cardiopulmonary system, neurological symptoms,
the gastrointestinal system, skin, the musculoskeletal
system, and fatigue. We therefore performed a post-hoc
analysis to compare the effects of CoQ10 with the effects
of placebo (Fig. 4). Although our analysis revealed no
significant differences, the largest difference was a
reduction in neurological symptoms (with a mean dif-
ference of —0.48; 95% CI: -1.02; 0.07) and musculo-
skeletal symptoms (with a mean difference of —0.49;
95% CI: -1.15; 0.16).

Addressing the EQ-5D questionnaire, the estimated
mean health index at baseline was 0.66 (95% CI: 0.64;
0.68), 0.63 (95% CI: 0.60; 0.67), and 0.69 (95% CI: 0.66;
0.71) for all 119 participants, the 59 participants in arm
A, and the 60 participants in arm B, respectively
(Fig. 3B). The most prominently affected dimension was
ability to perform usual activities, with 116 participants
(97.5%) reporting experiencing problems at any level of
severity and 61 participants (51.3%) reporting either

Arm B

Mental fatigue

Impaired concentration

Physical fatigue
Hypersomnia at night

Hypersomnia at day
Muscle weakness
Headache

Impaired short-term memory
Muscle pain

Sleep-maintenance insomnia
Joint pain

Dyspnea on mild exertion
Sleep-onset insomnia
Impaired long-term memory
Anosmia

Sensation disturbance
Ageusia
Palpitations
Chest pain

Nasal congestion
Nausea

Dyspnea at rest
Cough

Itchy skin

Joint swelling
Decreased appetite
Diarrhea
Abdominal pain
Throat pain

Expectoration
Skin rash
Fever

Baseline

Week 6
Week 10
Week 16
Week 20

Severe symptoms

No symptoms

B
.8
o}
2
8
m

Fig. 2: Heatmap of PCC-specific symptom scores throughout the study period. Heatmap of mean PPC-specific symptom scores for each visit
for the participants in arm A (left) and arm B (right). The questionnaire contains 32 questions regarding PCC symptoms, which were graded for
severity from 0 to 4 (higher scores indicate more severe symptoms). Boxes at the bottom indicate the treatment periods.
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Fig. 3: Time course of PCC-specific symptom scores and EQ-5D health index. Time course of mean PCC-specific symptom scores (a) and
mean EQ-5D health index scores (a) reported by the participants in arm A (black circles) and arm B (blue squares) at the indicated time points.

The boxes indicate treatment regimen at the two treatment periods.

severe or extreme problems. The second most affected
dimension was pain/discomfort, with 108 participants
(90.8%) reporting pain/discomfort at any level and
22 participants (18.5%) reporting severe or extreme
pain/discomfort (Figure S1 and Table S2).

The estimated mean improvement in health index
score was 0.04 (95% CI: 0.02; 0.06) and 0.03 (95% CI:
0.006; 0.05) after six weeks of CoQ10 treatment or pla-
cebo, respectively. After adjusting for period and
sequence effect in the linear mixed-effects model, the
estimated difference was 0.01 (95% CIL: -0.02; 0.04),
which was not statistically significant (p = 0.40). We
observed an insignificantly larger increase in health

Fatigue -
Musculoskeletal 4
Skin ~
Gastrointestinal -
Neurological A

Cardiopulmonary

Cognition

T T T 1
-5 -1-0 -005 00 05 10
CoQ10 better Placebo better

< »

Fig. 4: Results of the mixed-effects model analysis for seven
symptom groups derived from the PCC-specific questionnaire.
The mean regression coefficients (slopes) with a 95% confidence
interval are plotted to visualize the difference in the change in
symptom scores between CoQ10 and placebo. A negative slope in-
dicates a larger reduction in the symptom score with CoQ10
compared to placebo; the dotted vertical line at 0.0 indicates no
difference between CoQ10 and placebo. None of the estimated
difference in the symptom groups reached statistical significance.
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index in the first treatment period (0.02 (95% CI: -0.01;
0.05), p = 0.12) and in group A (0.005 (95% CI: —0.02;
0.03), p = 0.80).

A total of 295 adverse events were registered
throughout the study period; 148 of these adverse events
were either new or exacerbated symptoms. Overall,
19 adverse events were considered to be related to
CoQ10 (Tables S3 and S4); four of these events were
grade 2, and 15 were grade 1. These 19 treatment-related
adverse events were registered in 13 participants; thus,
11% of the 119 participants who had study medicine
intake experienced an adverse event that was related to
CoQ10.

Discussion

To the best of our knowledge, this is the first random-
ized, placebo-controlled crossover study designed to test
whether a registered medical product can reduce the
number and/or severity of PCC-related symptoms.
Overall, we found no significant difference between the
effects of high-dose CoQ10 and placebo on the partici-
pants’ overall health status or PCC-related symptoms.
However, several points warrant discussion. First, we
found no significant difference between CoQ10 and
placebo with respect to the change in EQ-5D health in-
dex. Second, we found that an additional 1.18 points
were deducted from the PCC-related symptom score
when participants received CoQ10 versus placebo.
Third, we examined seven groups of symptoms in order
to identify whether CoQ10 has any organ-specific
benefits; although none of the results were statistically
significant, the largest beneficial effects of CoQ10 were
observed for neurological symptoms. Taken together,
and despite observing a slight trend towards CoQ10
having potentially beneficial effects, we found no overall
significant effects of CoQ10 compared to placebo.
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Interestingly, we found a significant 5.85-point
reduction in the mean PCC-related symptom scores
between baseline and the second visit, regardless of the
treatment regimen. One possible explanation for this
finding is that the participants’ acknowledgment of
PCC-related symptoms and entering a clinical inter-
ventional study may have contributed to a placebo-
driven relief of their symptoms. In addition, we found
that the entire cohort had a significant overall improve-
ment in PCC-related symptom scores (from 42.63 to
35.80) and EQ-5D health index (from 0.66 to 0.71) be-
tween baseline and the final follow-up time point at week
20; these improvements were driven primarily by the
initial improvement in both arms. However, because we
were unable to show any apparent treatment effect of
CoQ10 compared to placebo, this change may have been
attributed—at least in part—to spontaneous improve-
ment during the 20-week study period.”

Most participants were enrolled several months after
the acute episode of COVID-19. A possible explanation
for our negative results could be that mitochondrial
dysfunction is established very early during —and post-
COVID-19, and CoQ10 dosing is effectuated too late
in the course of PCC to reverse a potential dysfunction.
Thus, it cannot be excluded that CoQ10 would signifi-
cantly benefit patients if administered at an earlier point
of time in the course of PCC or even during acute
COVID-19. Another explanation may be that a treatment
period of six weeks is too short to establish effect of
CoQ10. Finally, the average skipped/missed capsule per
dosing regimen were seven. This is viewed as a reflec-
tion of real practice and patient adherence, thus not
affecting the overall interpretation of the study results.

Our results are based solely on self-reported data
collected using questionnaires; thus, our results may
have been affected by recall bias.” The participants were
not disturbed when completing the questionnaires,
receiving help from health-care personnel only when
needed, thereby minimizing interviewer bias and an
incorrect interpretation of the questions. Importantly,
however, because PCC-related symptoms can fluctuate
considerably, it is possible that the questionnaire pro-
vided a snapshot of the participant’s health status on
that day and may not have fully represented the entire
period since the previous visit.” This effect may be re-
flected by the residual standard deviation of 9.19 (95%
CI: 8.08; 10.45) in the PCC mixed-effects model anal-
ysis, which describes an extremely high within-subject
variation regardless of treatment regime. Finally, an
important limitation to this study is the lack of plasma
CoQ10-measurements, making it difficult to draw final
conclusions on treatment effect as no biochemical
monitoring was included.

A strength of using a crossover design is that two
treatments (i.e., CoQ10 and placebo) can be compared
within the same patient, eliminating between-subject
variability. This design also decreases the number of

individuals needed in a clinical trial. Our power calcu-
lation indicated that 106 individuals were required, and
119 participants completed both dosing regimens. On
the other hand, a caveat of this design is the possibility
of a carry-over effect; however, we attempted to mini-
mize this possibility by including a four-week washout
period, which is 14 times longer than the 48-h biological
half-life of CoQ10. The most frequent symptoms re-
ported by our participants were mental fatigue, con-
centration difficulties, muscle weakness, and headache,
thus our cohort reflects the symptomatology currently
described in literature on PCC.** In addition, the mean
EQ-5D health index at baseline was 0.66, which is
consistent with studies conducted in Norway and the
US, which reported mean health indices of 0.61 and
0.65, respectively.”” Overall, we conclude that our pa-
tient cohort adequately reflects the general population of
patients with PCC. There is increasing evidence that
PCC also is prevalent among children. As in adults, the
mechanism is unknown, but may be at least partly
different from the pathogenesis in adults due to the
different acute clinical course.” It should be noted that
the results of this study performed on adults cannot be
translated to treatment considerations in children.

The pathogenesis of PCC is still poorly understood.
Among some suggestions are persistent systemic
inflammation, venous thromboembolisms, autoimmu-
nity and metabolic disturbances.” It is also a possibility
that this complex, multisymptomatic condition is a
result of more than one harmful mechanism, making a
single treatment intervention, as in this study, insuffi-
cient. Thus, it should be noted, that CoQ10 would only
benefit patients who suffer from PCC due to mito-
chondrial dysfunction or a condition caused by excessive
oxidative stress. It may therefore be reasonable to study
CoQ10 intervention alongside other treatment regi-
mens. For future investigations of CoQ10 as a treatment
for PCC, the following could be prioritized: adminis-
tration of CoQ10 early in the course of illness, long
treatment period, inclusion of patients with evidence of
mitochondrial dysfunction, plasma-monitoring of
CoQ10 to verify intestinal uptake and an objective clin-
ical measure of improvement.

Our results do not provide evidence to either support
or reject the hypothesis that mitochondrial dysfunction
causes PCC; thus, further studies are needed in order to
clarify the role of mitochondria in PCC. The concept of
“post-viral fatigue” has been described—and debated—
in the medical community for nearly a century.”
Although several infectious agents—particularly vi-
ruses—undoubtedly have the ability to have prolonged,
debilitating effects, the underlying pathophysiology re-
mains poorly understood; thus, no intervention-based
treatments are currently available.” Aside from
revealing the obvious, urgent need to treat the millions
of patients with PCC, the ongoing COVID-19 pandemic
provides a valuable opportunity to study the general
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phenomenon of post-viral fatigue. Identifying the path-
ogenic features of PCC would represent a major step
toward managing all types of patients with post-
infectious symptoms. In this respect, both in vivo and
in vitro studies characterizing the immunological and
mitochondrial profiles of patients with PCC, as well as
the effects on host cell metabolism, are needed in order
to close this important knowledge gap.
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