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Reply: Muscle abnormalities in Long COVID
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We thank Ranque et al. for their interest in our recent work and
alternative interpretation of our data. We refute that our findings are
due to deconditioning, as Long COVID-related skeletal muscle differ
fundamentally from those caused by deconditioning. We demon-
strated significant physiological differences in Long COVID patients
withpost-exertionalmalaise (PEM) compared to healthy controls, even
at matched physical activity levels. PEM encompasses a variety of
symptoms and not only muscle soreness. Our study did not address
the efficacy of exercise training, and we reject misinterpretations that
all forms of exercise cause PEM. We advocate further research to
define safe exercise thresholds and improve the understanding
of PEM.

Ranque et al. state that “everyone can experience severe muscle
painwhen returning to intense exercise after periods of a fewweeks of
rest”. Every participant experienced maximal exercise, healthy parti-
cipants with low fitness also participated, and a proportion of Long
COVID patients still possessed fitness levels >50th percentile for their
respective sex and age, despite all patients experiencing PEM. Despite
several controls having a _VO2max similar to patients, none reported
PEM symptoms.

We acknowledge the general population experiences muscle
soreness, particularly after eccentric contractions, but cycle exercise
involves little or no eccentric work. PEM encompasses more than
muscle pain, and as can be appreciated from our clinical evaluation in
Table 2,we do not reducePEM tomuscle pain or fatigue alone.We also
donot link PEM symptomsandduration described in LongCOVIDwith
post-exercise symptoms of known inflammatory myopathies, meta-
bolic, or mitochondrial disorders, as PEM is a symptom specific to

post-infectious diseases1. We utilized the DSQ-PEM questionnaire for
the clinical definition of PEM, as is common practice2. Contrary to the
assertion of Ranque et al., Long COVID patients reportedmoremuscle
or joint pain (64% before and 80% 1-day after PEM induction) and
significantly greater fatigue intensity (self-reported and with the Mul-
tidimensional Fatigue Inventory; Table 2 and Fig. S2A). Ranque et al.
refer to pivotal work by Walitt and colleagues3 to substantiate a psy-
chological explanation of PEM, while the study rather provides multi-
ple physiological explanations for ME/CFS pathophysiology, including
autonomic dysfunction, differential cerebrospinal fluid catechola-
mines and metabolite profiles, and lower post-exercise cortisol
responses. Ranque et al. claim that “post-exercise symptoms could
result from the interaction between altered [..] unconscious self-
awareness of internal bodily state [… and] failure of stress adaptation
with perceived burden that influences how current and future energy
needs aremaintained”, however Wallit et al. state that “peak measures
did not correlate with effort preference inME/CFS”, refuting the claim
that effort preference dictates _VO2max. Importantly, this paper also
confirms our findings of lower _VO2max and impairments in skeletal
musclemitochondrialmetabolism, albeit inME/CFSpatients3. Thatour
Long COVID patients also exhibited significantly lower gas exchange
thresholds and respiratory compensation points, which are effort-
independent, indicates a reduction in aerobic function that is not
effort-independent.

Ranque et al. state that we did not provide an adequate control
group and that the observed changes could be due to deconditioning.
While we recognize that a full age-, sex- and activity-matched control
group would have improved the quality of the study, we disagree that
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deconditioning alone explains these results. The skeletal muscle
alterations observed in our Long COVID group display marked dif-
ferences compared to healthy humans undergoing strict bed rest4–6.
We found no differences in either capillarization or fibre cross-
sectional area between Long COVID patients and healthy controls.
Conversely, bed rest rapidly induces muscle atrophy, reduces capil-
lary density, and alters mitochondrial structure and function within
days4,7,8. Further, skeletal muscle intrinsic mitochondrial function was
reduced in Long COVID patients compared to healthy controls
(Fig. S5), indicative of qualitative alterations in mitochondrial respira-
tion, rather than loss of mitochondrial content typically observed with
bed rest4. While step reduction alters muscle substantially9,10, this is
typically associated with reductions in fibre cross-sectional area and
reduced mitochondrial markers, which (at baseline) was not observed
in Long COVID patients. We performed additional analyses on our
publicly available data file and matched participants by step count
(5181 vs. 4727 steps/day for patients and controls, respectively). In this
small, but matched cohort, we still observed a significant group dif-
ference for _VO2max (–24%, p =0.004) and peak power output
(–31%, p =0.043). Althoff et al. indicated that the daily steps in the
United States were 4774 steps/day11; therefore, our cohort, while likely
less active than prior to infection, were not less active than expected in
the general USA population. Yet, Long COVID patients presented with
abnormal histopathology even prior to the exercise bout - also con-
firmed by others12,13 - while our less aerobically fit, healthy controls
exhibited little to no abnormal histopathology (see source data). These
differences in skeletal muscle characteristics between Long COVID and
humanbed rest studies imply that the effect of Long COVID on skeletal
muscle structure and function fundamentally differs from that of
deconditioning alone. While we cannot neglect that deconditioning
may impact Long COVID progression, the evidence provided suggests
deconditioning itself does not fully explain symptoms experienced by
Long COVID patients with PEM.

Long COVID is reported to be a heterogeneous disease, which is
why we chose to focus on PEM, as ~90% of patients present with this
symptom14. We recognize our results only pertain to those experien-
cing PEM. While we acknowledge that Long COVID patients without
PEM were not included as a control group, the study was designed to
use acute exercise to induce PEM and measure systemic changes
before and after PEM induction. We therefore disagree that we cannot
link the acute exercise mediated alterations of Long COVID patients to
PEM14. Our findings demonstrated physiological alterations in Long
COVID patients with PEM after maximal exercise that did not occur in
healthy controls, whomdo not experience PEM. PEM research is still in
its infancy, and we will applaud studies with well-defined cohorts and
experimental designs that can provide additional insights into PEM
pathophysiology.

Ranque et al. suggest that many patients have reported full
recovery in ME/CFS, despite experiencing PEM; however, the meta-
analysis cited15 concludes thatwhile exercise provided a small positive
effect, quality of life did not improve. Further, multiple studies
included in the meta-analysis include participants with other comor-
bidities that would benefit from exercise (i.e., asthma, diabetes,
chronic heart disease). Ranque et al. also refer to several other studies
that have shown successful rehabilitation of patients, however, these
studies also include up to ~30% of patients exhibiting other
comorbidities16–18. One strength of our current study is that patients
did not exhibit other comorbidities that may conflate with
Long COVID.

Ranque et al. state that our “findings have been widely inter-
preted in the media as indicating that exercise in people with Long
COVID causes muscle damage and implying that people with Long
COVID should not exercise”, but simultaneously agree “that intense
exercise, such as the one tested in the study, is not recommended”,
albeit without providing argumentation. While we speculate that

PEM could result in fear of exercising at intensities above the PEM
threshold, this was not the focus of our research, and feel this
critique does not pertain to our publication. We appreciate that
frequency, intensity, and duration are vital in improving aerobic
fitness in healthy individuals19, and positively modulate many
chronic diseases. However, Long COVID and PEM are poorly
understood, and our study did not address the efficacy or advi-
sability of exercise training in Long COVID treatment. Further, we
find there is a dearth of high-quality scientific information sur-
rounding dedicated exercise training in Long COVID patients,
and disagree with the standard of evidence surrounding graded
exercise therapy. In the training studies cited, none involved
interventions that systematically induced, monitored, or
avoided PEM. Additionally, adherence and other comorbidities
are often ill-described. While exercise below the PEM-inducing
threshold may benefit Long COVID patients, this was not the topic
of our current publication, and therefore we refrained from
conclusive scientific or clinical statements. Given our clinical
experience and scientific evidence, we advocate caution regard-
ing intense exercise in Long COVID patients with PEM. While
pacing and moderate exercise below he PEM-inducing threshold
may be performed, these thresholds are ill-defined and more
research is needed to elucidate the physiological onset of PEM.
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