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Supplemental Figures 

 

Supplemental Figure 1. Schematic overview of the study. In total, 25 patients with 
long COVID and 21 healthy controls were included. At baseline (day 1), venous blood in 
the fasted state, and a muscle biopsy of the vastus lateralis muscle was taken, alongside 
questionnaires (see text) about long COVID symptomatology. Six days later (day 7), a 
cardiopulmonary exercise test (CPET) was performed to evaluate exercise      tolerance, 
and to induce post-exertional malaise in patients with long COVID. One day later, fasted 
venous blood and another skeletal muscle biopsy from the vastus lateralis muscle was 
taken, and questionnaires confirmed the worsening of long COVID symptoms, typical for 
post-exertional malaise. On day 15, 8 days after the CPET, another fasted venous blood 
sample was drawn, and questionnaires were filled in. During the entire study period, 
participants wore an Actigraph to register the total steps taken. Abbreviations: PEM; post-
exertional malaise. 

This image was created with BioRender (full license). 
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Supplemental Figure 2. Fatigue severity scores and physical activity in long 
COVID patients after induction of post-exertional malaise. Fatigue scores, measured 
with the Multidimensional Fatigue Inventory (A, n=25 long COVID, n=21 healthy) and the 
Fatigue Severity Scale (B) questionnaires were significantly worse in long COVID patients 
(n=25) compared to controls (n=21) and further worsened upon induction of post-
exertional malaise for the Multidimensional Fatigue Inventory. C: Average step count per 
day at both the first week (baseline) and the second week (after the induction of PEM) 
was lower in patients (n=25) compared to healthy controls (n=15). Continuous 
nonparametric data were analyzed using a two-sided Mann–Whitney U test (panel A-B). 
Continuous nonparametric longitudinal data (panel A-B) were conducted by comparing 
the delta (Δ) between the time points using a two-sided Mann–Whitney U test and t-test. 
Continuous parametric longitudinal data (panel C) were analyzed with a generalized 
linear mixed model with a two-sided ANOVA. *p<0.05; **p<0.001. Abbreviations: PEM; 
post-exertional malaise. Box plots show the median (centerline), the first and third 
quartiles (the lower and upper bound of the box) and the whiskers show the 1.5x 
interquartile range. Source data are provided in the Source Data File. 
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Supplemental Figure 3. Physiological measurements determined during 
exercise testing in healthy controls and long COVID. The maximal ventilation (A), 
maximal end-tidal CO2 tensions (B), the slope of the relationship between ventilation and 
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carbon dioxide output (C), the slope of the relationship between oxygen uptake and heart 
rate (D), maximal heart rate (E) and maximal O2 pulse (F). The respiratory exchange ratio 
was above 1.10 for almost all participants (G). Panel H shows capillary lactate before and 
at the peak of the exercise test. Panel I shows the near-infrared spectroscopy-derived 
muscle deoxygenation responses to ramp incremental exercise in a representative 
participant. Panel A-C, G; Long COVID; n=23, Healthy; n=21, panel D-F; Long COVID; 
n=22, Healthy; n=20, panel G; Long COVID; n=21, Healthy; n=20. Continuous parametric 
data were analyzed using a two-sided t-test and two-sided non-parametric with a Mann–
Whitney U test (panel A-G). Continuous parametric longitudinal data (panel H) were 
analyzed with a generalized linear mixed model with a two-sided ANOVA. ns; non-
significant, *p<0.05. Abbreviations: PETCO2; end-tidal CO2 tension, V̇E; minute 
ventilation, V̇CO2; pulmonary carbon dioxide output, V̇O2; pulmonary oxygen uptake. Box 
plots show the median (centerline), the first and third quartiles (the lower and upper bound 
of the box) and the whiskers show the 1.5x interquartile range. Source data are provided in 
the Source Data File.  
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Supplemental Figure 4. Fiber types and cross-sectional area distribution in 
long COVID patients and healthy controls. Panels A-C show a typical example of 
immunofluorescence analysis of myosin heavy chain (MHC) expression in a 10-µm cross-
section of the vastus lateralis of long COVID patients with a high proportion of hybrid 
fibers. In panels D-F, we show that there is no difference in the fiber cross-sectional area 
between healthy controls (n=21) and long COVID patients (n=25), although the type I 
fiber cross-sectional area is smaller in females with long COVID compared to healthy 
female controls (F). G: Patients with long COVID (n=25) had a higher percentage of 
glycolytic type IIx skeletal muscle fibers compared to healthy controls (n=21). Continuous 
parametric data were analyzed using a two-sided t-test and non-parametric data with a 
two-sided Mann–Whitney U (panel D-F). Abbreviations: IIA; type IIA skeletal muscle fiber, 
IIX; type IIX skeletal muscle fiber, ◊; I/IIA hybrid skeletal muscle fibers, †; IIA/IIX hybrid 
skeletal muscle fiber, FCSA; fiber cross-sectional area. Box plots show the median 
(centerline), the first and third quartiles (the lower and upper bound of the box) and the 
whiskers show the 1.5x interquartile range. Source data are provided in the Source Data File. 
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Supplemental Figure 5. Skeletal muscle mitochondrial respiration in patients 
with long COVID and healthy controls. Leak respiration (A), mitochondrial respiration 
with NADH-linked substrates (glutamate, pyruvate and malate, B), electron transport 
capacity (ETS, with succinate and FCCP, C) and uncoupled succinate-linked respiration 
(with rotenone, D) were lower in patients with long COVID compared to healthy controls, 
but no effect of PEM was observed. The ratio of oxidative phosphorylation (OXPHOS) 
capacity to ETS capacity (E), the OXPHOS:ETS control ratio (F) and the ETS-OXPHOS 
control efficiency (G) showed significant differences between long-COVID and healthy 
controls. The biochemical coupling (H) efficiency showed no difference between healthy 
control and long COVID. Integrated succinate dehydrogenase (SDH) activity (i.e. fiber 
cross-sectional area x SDH activity, I), indicative of the amount of oxidative enzyme per 
fiber, showed a significant interaction effect. Mean (± SD) coefficient of error versus the 
number of fibers analyzed for SDH activity (J). This analysis indicated that a minimum of 
40 fibers per participant was required to reduce the coefficient of error in the analysis of 
SDH activity. All panels consisted of 25 long COVID patients and 21 healthy controls. 
Continuous parametric longitudinal data (panel A-I) were analyzed with a generalized 
linear mixed model with a two-sided ANOVA. Abbreviations: PEM; post-exertional 
malaise. SDH; succinate dehydrogenase activity. Box plots show the median (centerline), 
the first and third quartiles (the lower and upper bound of the box) and the whiskers show 
the 1.5x interquartile range. Source data are provided in the Source Data File. 
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Supplemental Figure 6. Skeletal and venous metabolome before and after 
induction of post-exertional malaise in long COVID patients. A: Heatmap depicting 
Hedges’ g effect size of muscle metabolites and the associated pathways comparing long 
COVID patients (n=25) with healthy controls (n=19) at both timepoints. B: Heatmap 
depicting Hedges’ g effect size of venous blood metabolites and the associated pathways 
comparing long COVID (n=25) patients with healthy controls (n=21). Highlighted is the      
citric acid/lactate ratio in skeletal muscle (C) and in venous blood (D). Continuous 
parametric longitudinal data (panel A-D) were analyzed with a generalized linear mixed 
model with a two-sided ANOVA. Effect sizes (panel A-B) were calculated with Hedges `g. 
Abbreviations: NAD; Nicotinamide adenine dinucleotide. PEM; post-exertional malaise, 
TCA; tricarboxylic acid cycle. Significance of long COVID compared to healthy controls 
(Group) is shown with *p<0.05; **p<0.001. A significant interaction term is shown with: 
“†”, depicting a p<0.05. Box plots show the median (centerline), the first and third quartiles 
(the lower and upper bound of the box) and the whiskers show the 1.5x interquartile 
range. Source data are provided in the Source Data File. 
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Supplemental Figure 7. Plasma mitochondrial DNA and circulating markers of 
tissue damage and stress. The gene expression of circulating mtDNA (ΔΔCt of ND1 and 
ND6) normalized to 18S (A-C) and the fold change as compared to the baseline 
measurement (ΔΔCt; D-F). Panel A-F: Long COVID; n=21, Healthy; n=21. Creatine 
kinase (G), creatine kinase-MB (H) as measured in venous blood were not significantly 
different. Cortisol (I) showed a significant difference over time with no difference between 
healthy controls and long COVID patients. Adjusting cortisol concentration for the minutes 
since waking up did not change results. Panel G-I; Long COVID; n=25, Healthy; n=18. 
The dotted lines in panels D-F represents the baseline value of 1. Continuous parametric 
longitudinal data (panel A-C, G-I) were analyzed with a generalized linear mixed model 
with a two-sided ANOVA. Continuous nonparametric longitudinal data (panel D-F) were 
conducted by comparing the delta (Δ) between the time points using a two-sided Mann–
Whitney U test and t-test. Abbreviations: mt-ND1; mitochondrially-encoded NADH-
ubiquinone oxidoreductase chain 1, mt-ND6; mitochondrially-encoded NADH-ubiquinone 
oxidoreductase chain 6, PEM; post-exertional malaise. Box plots show the median 
(centerline), the first and third quartiles (the lower and upper bound of the box) and the 
whiskers show the 1.5x interquartile range. Source data are provided in the Source Data File. 
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