ORIGINAL CLINICAL REPORT

Persistent Fatigue, Weakness, and Aberrant
Muscle Mitochondria in Survivors of Critical

COVID-19

OBIJECTIVES: Persistent skeletal muscle dysfunction in survivors of critical ill-
ness due to acute respiratory failure is common, but biological data elucidating
underlying mechanisms are limited. The objective of this study was to elucidate
the prevalence of skeletal muscle weakness and fatigue in survivors of critical
illness due to COVID-19 and determine if cellular changes associate with persis-
tent skeletal muscle dysfunction.

DESIGN: A prospective observational study in two phases: 1) survivors of critical
COVID-19 participating in physical outcome measures while attending an ICU
Recovery Clinic at short-term follow-up and 2) a nested cohort of patients per-
formed comprehensive muscle and physical function assessments with a muscle
biopsy; data were compared with non-COVID controls.

SETTING: ICU Recovery Clinic and clinical laboratory.

PATIENTS/SUBIECTS: Survivors of critical COVID-19 and non-COVID
controls.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: One hundred twenty patients with
a median of 56 years old (interquartile range [IQR], 42-65 yr old), 43% female,
and 33% individuals of underrepresented race attended follow-up 44+ 17 days
after discharge. Patients had a median Acute Physiology and Chronic Health
Evaluation-ll score of 24.0 (IQR, 16-29) and 98 patients (82%) required mechan-
ical ventilation with a median duration of 14 days (IQR, 9-21 d). At short-term
follow-up significant physical dysfunction was observed with 93% of patients re-
porting generalized fatigue and performing mean 218+ 151 meters on 6-minute
walk test (45% =+ 30% of predicted). Eleven patients from this group agreed
to participate in long-term assessment and muscle biopsy occurring a mean
267+98 days after discharge. Muscle tissue from COVID exhibited a greater
abundance of M2-like macrophages and satellite cells and lower activity of mito-
chondrial complex Il and complex IV compared with controls.

CONCLUSIONS: Our findings suggest that aberrant repair and altered mito-
chondrial activity in skeletal muscle associates with long-term impairments in
patients surviving an ICU admission for COVID-19.

KEYWORDS: COVID-19; critical illness; intensive care unit-acquired weakness;
mitochondria; muscle; post-intensive care syndrome; recovery

ness, which often persist into recovery (1, 2). Patients admitted to ICU with
COVID-19 are at risk of ICU-acquired weakness (ICUAW) with preva-
lence ranging from 50% to 65% (1-3). Muscle and physical deficits in survivors
of critical COVID have been reported up to 6 months (4) and 12 months (5)
after ICU discharge. However, the underlying biological mechanisms driving
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Question: Determine the short- and long-term
physical impairments and skeletal muscle cellular
changes in survivors of critical COVID.

Findings: Survivors of critical COVID have high
prevalence of weakness, fatigue, and reduced
functional exercise capacity with muscle tissue
exhibiting a greater abundance of M2-like macro-
phages and satellite cells and lower activity of mi-
tochondrial complex Il and complex IV.

Meanings: Perturbed muscle recovery associates
with fatigue and poor physical function months
after ICU admission for COVID-19. Critical care
and post-hospital clinicians should be aware of
the potential long-term muscle deficits in COVID
survivors, but more work is needed to understand
the mechanisms underlying these histochemical
findings and their relationship to long COVID.

. J

muscle dysfunction following critical COVID remain
relatively unknown. Skeletal muscle might be directly
susceptible to COVID because of high expression of
angiotensinogen-converting enzyme 2, a binding site
for severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and “coronavirus-like particles” have
been reported in muscle fibers (6, 7). Indeed, 15.4% of
postmortem analyses of diaphragm myofibers showed
evidence of SARS-CoV-2 (8), but a direct viral infection
of peripheral skeletal muscle has not been confirmed
since gene expression analyses suggest that only smooth
muscle cells are directly impacted by SARS-CoV-2 (9).
Nevertheless, skeletal muscle is likely compromised
due the impact of high levels of circulating immune
cells and inflammatory mediators associated with crit-
ical illness and COVID-19 (10). Recent investigations
in individuals with long COVID resulting from mild
illness demonstrate lower exercise capacity (11) with
skeletal muscle changes including metabolic alterations
(11, 12) and capillary injury (13, 14). However, changes
in skeletal muscle from individuals recovering from
critical COVID-19 have not been examined.

Patients with critical illness of COVID-19 (15) and
non-COVID (16) etiologies suffer up to 30% of quadri-
ceps muscle wasting in the first 10 days of ICU admission.
Muscle wasting likely precedes the development of weak-
ness and physical dysfunction related to post-intensive
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care syndrome (PICS) (16). Additionally, impairments in
muscle excitability and bioenergetic failure are thought to
occurinICU survivorsleading to poor functional recovery
(17). The specific physiologic mechanisms contributing
to muscle dysfunction in the recovery phase of critical ill-
ness are largely unknown. Alterations in the number of
satellite cells (SCs) with compromised muscle regrowth
(18) and lower abundance of mitochondrial biogenesis
genes (19) were reported in 11 patients’ 6 months after
critical illness of mixed etiologies. Currently, strategies to
mitigate long-term impairments in muscle and physical
function are equivocal as large rehabilitation random-
ized controlled trials in the ICU (20-22) and post-ICU
(23) fail to demonstrate benefits in functional outcomes.
Elucidating the underlying cause of muscle impairments
provides evidence to develop targeted strategies to im-
prove outcomes. The objective of this study was to elu-
cidate the prevalence of skeletal muscle weakness and
fatigue in survivors of critical illness due to COVID-19
and determine cellular changes associated with persistent
skeletal muscle dysfunction.

METHODS
Study Design

A prospective observational study conducted in two
phases: 1) a cohort of patients with critical COVID
participating in short-term follow-up at an ICU
Recovery Clinic (24) and 2) a nested cohort participat-
ing in assessments at long-term follow-up.

Patient Population

Adult patients (> 18 yr old) surviving an admission to
the medical ICU with a diagnosis of COVID-19 pneu-
monia (polymerase chain reaction confirmed) requiring
mechanical ventilation (MV) or high-flow nasal cannula
(HFNC) with at least 3-day ICU admission and attended
routine follow-up at the ICU Recovery Clinic were eli-
gible (COVID). Patients were excluded when nonam-
bulatory before hospitalization or having an acute or
preexisting condition precluding physical assessments.
A flow diagram is provided in Supplemental Figure 1
(http://links.Iww.com/CCX/B419).

Short-Term Follow-Up Assessment

Patients participated in functional assessment in the ICU
Recovery Clinic occurring 1-month post-discharge.
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A physical therapist performs the Medical Research
Council-Sum Score (MRC-SS) (25), Short Physical
Performance Battery (SPPB) (26), and the 6-minute
walk test (6MWT) (27). A clinical diagnosis of ICUAW
at the time of testing was established with cutoft score
of less than 48/60 of the MRC-SS; a cutoff of less than or
equal to 9/12 on SPPB established physical frailty (28)
and clinical frailty scale was scored by the physical ther-
apist (29). Patients’ self-report generalized (nonspecific)
fatigue as binary outcome and completed EuroQol 5D
five levels (EQ-5D-5L)—Visual Analog Scale (30). A
negative composite outcome of requiring at least one
emergency department visit or hospital readmission
was extracted from electronic medical record (EMR) at
90 and 180 days post-discharge.

Comprehensive Long-Term Follow-Up

A nested group of patients who completed the short-
term assessment was recruited to participate in a
cross-sectional assessment of muscle and physical
function with a muscle biopsy. Patients participated in
the following tests:

1] Symptomatology questions were answered in a bi-
nary fashion, and subjects completed self-report
measures for quality of life (EQ-5D-5L) (30) and
Functional Assessment of Chronic Illness Therapy
(FACIT)-fatigue subscale (31).

2] Muscular strength was evaluated with three
approaches: 1) MRC-SS was repeated as originally
described; 2) force production of knee extensors
with hand-held dynamometry (HHD) (Lafayette
Manual Muscle Test System Model-01165; Lafayette
Company, Lafayette, IN) in supine position with
knee on a bolster in 20-30° of flexion (32) and;
3) handgrip strength with Jamar Hydraulic Hand
Dynamometer with the average of three repetitions
of dominant hand used in analyses (33).

3] Lower-extremity muscle power: 1) Power was calcu-
lated based on the recorded velocity and distance of
a unilateral (right) leg press (HUMAC-360; CSMi,
Petaluma, CA) as previously described (34) and 2)
chair rise test was performed as a generalized assess-
ment of lower-extremity muscle power.

4] Physical function outcomes: Timed up and go test
(TUG) (35), SPPB (26),and 6MWT (27) were assessed.

5] Muscle biopsy: Vastus lateralis muscle biopsies were
obtained using the Bergstrom needle technique
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previously described (36). Approximately 50mg was
prepared for cryosectioning by mounting on cork and
freezing in liquid nitrogen-cooled isopentane (37).
Remaining tissue was snap-frozen in liquid nitrogen
for mitochondrial assays. During the biopsy procedure,
we were unable to obtain usable tissue from one patient
and not enough tissue for immunohistochemistry from
another. Thus, for mitochondrial activity assays (n = 10)
and immunohistochemistry (n = 9). All samples were
coded for blinding during analyses. Histochemistry,
immunohistochemistry, and mitochondrial activity
methodologies and a list of kits, antibodies, and work-
ing concentrations are provided in Supplemental
Table 1 (http://links.Iww.com/CCX/B419).

Controls

Subjects (n = 7) of community dwelling adults without
history of ICU admission were recruited from local com-
munity before COVID-19 pandemic and performed
measures described above. Subjects were recruited
from advertisements to participate in a study to serve as
matched controls for critical illness survivors that was
planned in 2019 (ClinicalTrials.gov: ID NCT03717831);
however, the COVID pandemic altered the original
study, and these subjects were used for comparison in
this study. Individuals were median age of 60 years (inter-
quartile range [IQR], 46-62 yr), 29% female gender, me-
dian body mass index (BMI) of 31 kg/m?* (IQR, 30-31kg/
m?) + 3, and median Charlson Comorbidity Index (CCI)
of 2 (IQR, 1-2). In addition, we included muscle samples
from community-dwelling adults from the University
of Kentucky (UK) Center for Muscle Biology (CMB)
Biobank (n = 15), which were collected in healthy adults
before the COVID pandemic for a different prospec-
tive study (median age, 64 [IQR, 59-69], 67% female,
and median BMI of 27 [IQR, 26-27]) (38). Total sample
size for control was 22 except for two technical errors for
SCs and succinate dehydrogenase (SDH) (1 = 20); some
characteristics from the UK CMB controls are previously
published (38). Demographic and physical outcome data
from the control cohort are provided in Supplemental
Table 2 (http://links.lww.com/CCX/B419).

Demographic and Clinical Variables

Demographic variables were extracted from EMR:
age, sex, BMI, and race/ethnicity. Comorbid burden
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was quantified with the CCI. Clinical data extracted
from the EMR: ICU and hospital length of stay (LOS,
d), receipt and duration MV (d), receipt of contin-
uous renal replacement therapy, extracorporeal mem-
brane oxygenation, tracheostomy, continuous IV
infusion of neuromuscular blocker (cisatracurium),
corticosteroid, vasopressor or inotrope, Richmond
Agitation-Sedation Scale score, a surrogate marker
of sedative state, and Acute Physiology and Chronic
Health Evaluation (APACHE)-II scores were quanti-
fied in the first 72 hours of ICU admission.

Statistics

Data were assessed using descriptive statistics;
normality was assessed by Shapiro-Wilk tests.
Independent t test or Mann-Whitney U tests were
performed to compare the two cohorts (original vs.
nested). Paired t test were performed to examine
change in outcomes in the nested group between the
two time points. Multivariate regression analyses were
performed to explore which demographic and clinical
variables are associated with functional outcomes. The
a priori selection of candidate variables is described in
Supplemental Detailed Methods (http://links.lww.
com/CCX/B419). Differences in cell populations and
muscle tissue characteristics from COVID compared
with controls were assessed using Mann-Whitney U
tests. Exploratory correlative testing was performed to
determine associations between patient-centered out-
comes of muscle strength (HHD), 6MWT, and FACIT
with muscle immunohistochemistry features using
Spearman rho. Data were analyzed and visualized
using GraphPad Prism 8.2 (GraphPad, San Diego, CA)
and SAS 9.4 (SAS Institute, Cary, NC) with p value of
less than or equal to 0.05 considered significant.

Study Approval

The study was approved by the Institutional Review
Board (IRB), at the University of Kentucky and per-
formed in accordance with Helsinki Declarations.
Informed consent was waived for patients at the
short-term follow-up as data collected were consid-
ered routine care (Medical IRB-expedited No. 47751;
approved December 14, 2018). Patients in the nested
and control groups provided written informed consent
(Medical IRB-full No. 46072; approved September 21,
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2019). This study was reported in accordance with the
Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) (Supplemental Digital
Content, http://links.lww.com/CCX/B419).

RESULTS

ICU Recovery COVID Cohort

One hundred twenty patients attended follow-up
clinic at 44+17 days after hospital discharge from
April 1, 2020, to June 1, 2022. Patients were median
56 years old (IQR, 42-64 yr), 43% female, and 33% of
underrepresented race/ethnicity (Table 1). The me-
dian APACHE-II score was 24.0 (IQR, 16-29) and
98 patients (82%) required MV with a duration of 14
days (IQR, 9-21 d); the remaining 22 patients received
supplemental oxygen via HENC (Table 1). Patients
(n = 115) participated in MRC-SS with median result
of 53 U (IQR, 48-56 U) and 27% (n = 31) meeting
criteria for ICUAW. The mean time for those patients
able to perform the chair rise test (n = 77) was 12+5.5
seconds, whereas 38 (32%) were unable to perform.
The mean score on SPPB was 8 (IQR, 5-10) with 71
patients (61%) scoring less than or equal to 9/12 indi-
cating physical frailty. Patients (n = 103) performed a
median of 225 meters (IQR, 90-325 meters) on 6MWT
equating to 44% (IQR, 21-67%) of predicted distance
(Table 1).

Multivariate Regression Models

Hospital LOS, female gender, and CCI were related
to performance on MRC-SS, but hospital LOS was
the only variable related to a diagnosis of ICUAW at
short-term follow-up. Hospital LOS, CCI, and receipt
of corticosteroid were associated with performance on
6MWT. Race of underrepresented background, CCI,
and hospital LOS were significantly related to having
at least one negative outcome (readmission or emer-
gency department visit) 180 days post-hospital dis-
charge occurring in 23 patients (19%) (Supplemental
Table 3, http://links.Iww.com/CCX/B419).

Muscle Biopsy Cohort

Eleven patients from March 23, 2021, to January 13,
2022 (n = 60 approached, 18%) participated in com-
prehensive testing occurring a mean 267 +98 days
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after discharge. There were no statistically significant
differences in demographic and clinical data between
the initial COVID (n = 120) and the nested group (n =
11; Table 1). Short-term outcomes that were repeated
at long-term timepoint generally improved in the
nested biopsy cohort (Supplemental Table 4, http://
links.lww.com/CCX/B419). However, patients in the
nested cohort had several significant muscle and phys-
ical function deficits compared with controls including
a higher prevalence of generalized fatigue, a lower knee
extension force production, lower scores on 6MWD,
and worse performance on TUG (Table 2).

TABLE 1.

Muscle Inflammation and Markers of
Regeneration and Repair

To characterize muscle inflammation and damage, we
assessed CD16 (Fc gamma receptor I1Ib)+ neutrophils/
natural killer cells, CD11b+ macrophage populations
(CD206+ or CD206-), regenerating fibers expressing
embryonic myosin heavy chain (eMyHC), neural cell
adhesion molecule positive (NCAM+) fibers, and SC
abundance. We did not detect significant numbers of
CD16+ cells. There was no difference in the number
of total (CD11b+) or M1-like (CD206-) macrophages

Demographic and Clinical Data of the Critical COVID Cohort

Total Cohort

Parameter

(n =120)

Nested Cohort
(n=11)

Group Comparison?,
p <0.05

Age, yr, median (IQR) 56 (42-64) 56 (53-60) p=0.84
Sex, female, n (%) 52 (43) 5 (45) p=0.84
Race/ethnicity, n (%)°

White/Caucasian 81 (67.5) 7 (64) p=0.78

Black/African American 26 (21.7) 3(27)

Latino/Hispanic 10 (8.3) 1(9)

Other 3 (2.5) 0 (0)
Body mass index, kg/m?, mean % sp 34 (29-39) 35 (34-39) p=0.20
Charlson Comorbidity Index, median (IQR) 3 (1-4) 2 (1-2.5) p=0.41
MV, yes, n (%) 98 (82) 8 (73) p=0.37
MV duration, d, median (IQR) 14 (9-21) 16 (9.5-18) p=0.67
Acute Physiology and Chronic Health Evaluation-l| 24 (16-29) 24 (13.5-28) p=0.88

score, median (IQR)
Extracorporeal membrane oxygenation, yes, n (%) 19 (16) 3(27) p=0.25
Continuous renal replacement therapy, yes, n (%) 19 (16) 1(9) p=0.62
Tracheostomy, yes, n (%) 37 (31) 2 (18) p=0.47
Received inotrope/vasopressor, n (%) 68 (57) 7 (63) p=0.84
Received neuromuscular blocker, n (%) 46 (38) 4 (36) p=0.92
Received corticosteroid, n (%) 99 (83) 9 (81) p=0.84
Richmond Agitation-Sedation Scale, median (IQR) -35(-4to-2) -3.5(-3.51t0-0.75) p=0.92
Discharge disposition, n (%)°

Secondary facility (acute rehabilitation or long term 65 (54) 4 (36) p=0.42

acute care

Home with services 23 (19) 4 (36)

Home without services 32 (27) 3(27)
90-d negative composite outcome, n (%) 18 (15) 1(9) p=0.19
180-d negative composite outcome, n (%) 23 (19) 2 (18) p=0.13

(Continued)
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TABLE 1. (Continued)

Parameter

Outcomes in ICU Recovery Clinic at short-term follow-up

Demographic and Clinical Data of the Critical COVID Cohort
Total Cohort

(n =120)

Nested Cohort
(n=11)

Group Comparison?,
p <0.05

Time to testing from hospital discharge, d, median 41 (35-54) 37 (36-55) p=0.75
(IGR)

EuroQol 5D five levels, Visual Analog Scale score, 75 (63-80) 74 (70-83) p=0.92
median (IQR)

Self-reported fatigue, yes, n (%) 111 (92.5) 10 (92) p=0.37

Medical Research Council-Sum Score, median (IQR) 53 (48-56)° 50 (45-53) p=0.12

Diagnosis of ICU-acquired weakness, n (%) 31 (27) 4 (36) p=0.39

Short Physical Performance Battery, total, median (5-10) 9 (6-10) p=0.82
(IGR)

Clinical frailty scale, median (IQR) 5 (4-6) 5 (4-6) p=0.70

6MWD, m, median (IQR) 225 (90-325)° 250 (102-315) p=0.94

Percent achieved of predicted 6BMWD, %, median 44 (21-67) 47 (20-64) p=0.41

(IQR)

6MWD = 6-min walk distance; IOR = interquartile range, MV = mechanical ventilation.

aMann-Whitney U test or 2 test to compare two groups.

bComparison of White/Caucasian to historically underrepresented race/ethnicity (Black, Latino, and other).
“Comparison of discharge home with and without services vs. discharge to facility.
‘Five individuals did not participate in Medical Research Council-Sum Score and Short Physical Performance Battery (4-m gait speed

and chair rise) testing due to physiotherapist unavailable.

eSeventeen patients did not perform the 6-min walk test or various clinical reasons.

in muscle from COVID patients compared with con-
trols, but M2-like (CD206+) macrophages were higher
in COVID (Fig. 1, A and B). We observed negligible
numbers of eMyHC+ and NCAM+ fibers in COVID
samples. Muscles from COVID patients had greater
overall as well as fiber type 1 and 2 specific SC abun-
dance (Fig. 1, C and D); representative images are pro-
vided in Figure 1; and Supplemental Figure 2 (http://
links.Iww.com/CCX/B419).

Muscle Fiber Type and Size

Representative images of myosin heavy chain (MyHC)
and laminin are shown in Supplemental Figure 3
(http://links.lww.com/CCX/B419). Patients in COVID
group had a lower percentage of type 1 and higher per-
centage of type 2a/x muscle fibers compared with con-
trols (Fig. 2A). There were no differences in average
(Fig. 2B) or type 1 or 2a specific (Fig. 2C) muscle fiber
cross-sectional area but COVID had larger type 2a/x
fibers compared with controls (Fig. 2C).

6 www.ccejournal.org

Muscle Mitochondrial Enzyme Activity in COVID
Patients

To assess muscle mitochondrial activity, we
used SDH histochemistry in conjunction with
immunohistochemistry for MyHC expression
(Supplemental Fig. 4, http://links.lww.com/CCX/
B419). Muscle from COVID exhibited a lower per-
centage of SDH dark fibers and higher percentage of
SDH light fibers compared with controls, indicating
lower muscle mitochondrial enzyme activity (Fig.
3A). Also, mitochondrial enzyme activity was lower
in both type 1 (Fig. 3B) and 2a (Fig. 3C) fibers. No
differences were observed within type 2a/x muscle
fibers (Fig. 3D). COVID had lower cytochrome ¢
oxidase (CCO) activity than controls (Fig. 44), but
no differences were observed in citrate synthase
(CS) activity (Fig. 4B); the ratio between CCO and
CS was significantly lower in muscle from COVID
compared with control, indicating lower mitochon-
drial enzyme activity (Fig. 4C).
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DISCUSSION

Our findings suggest
that metabolic altera-
tions including reduced
muscle mitochondrial
activity ~with  higher
percentage of type 2a/x
muscle fibers combined
with higher abundances
of M2-like macrophages
associate with long-term
physical ~ impairments
after ICU admission for
COVID-19. The cellular
finding of increased
M2-like  macrophages
which are important
for tissue remodeling
suggest a perturbated
muscle repair occurring
several months after hos-
pital discharge. Our data
in patients recovering

Figure 1. Greater CD206+ macrophages and satellite cell (SC) abundance in vastus lateralis muscle
biopsies from patients recovering from critical COVID-19. Quantification of macrophage populations
in muscle from COVID survivors (n =9, blue) compared with controls (n= 22, white) including total
CD11b+ macrophages, CD11b+CD206+ (M2-like) macrophages, and CD11b+CD206~ (M1-like)
macrophages (A) with representative images of macrophages in muscle from a COVID survivor (B;
white arrows indicating CD11b+ CD206+). Quantification of paired box 7 (Pax7)+/4’,6-diamidino-2-
phenylindole+ SCs in muscle from COVID survivors (n= 9, blue) compared with controls (n= 22, white)
including total SCs, SCs associated with type 1 muscle fibers, and SCs associated with type 2 muscle
fibers (C) with representative images of SCs (D; white and blue arrows indicating SC with type 1 and
SC with type 2, respectively). Pax7 data from a subset within the control (n= 15) has been previously
published (38). Data are expressed as mean * sp; p values determined by Mann-Whitney U test;
“significance p < 0.05. Images acquired at x200, scale bar = 100 pm.

Details about the selection of biomarkers and their
biological significance are provided in Supplemental
Table 5 (http://links.lww.com/CCX/B419).

Exploratory Correlative Testing

Significant correlations were observed between total
number of SDH light stained fibers with 6MWT
(tho = -0.79; p = 0.010) and FACIT-fatigue
(rho = -0.76; p = 0.018; Supplemental Fig. 5, http://
links.Iww.com/CCX/B419); additional correlations are
provided in Supplemental Table 6 (http://links.lww.
com/CCX/B419).

Critical Care Explorations

from critical COVID-19
align with recent stud-
ies in individuals with
long COVID without
ICU admission (11-13).
Of clinical importance,
muscle mitochondrial
deficits in our patients
associated with fatigue
and physical function.
Biological data from
muscle tissue of critical
COVID survivors demonstrate prolonged deficits with
the clinical need for long-term assessment and treatment
to improve patient-centered outcomes.

Patients surviving critical illness, regardless of eti-
ology, are at high risk of fatigue (5, 40) and deficits
in physical function (5, 40, 41). Data from our study
are consistent with prior research demonstrating that
20-33% of ICU survivors have ICUAW (42) and poor
performance on 6MWT (27) at short-term follow-up.
Patients in our study had a high ICU admission acuity
level with APACHE-II score of 24 indicating a ~40%
risk of in-hospital mortality, which is similar to land-
mark studies of muscle and physical function recovery

www.ccejournal.org 9
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Figure 2. Altered fiber type frequency and fiber size in vastus lateralis muscle from critical COVID. Quantification of fiber type and fiber
size within biopsies from COVID patients (n=9) compared with controls (n= 22). Data from a subset within the community dwelling
adults (n= 15) has been previously published (38). A, Barand dot plots showing frequency of total muscle fibers expressing myosin
heavy chain (MyHC) type 1, MyHC type 2a, or both MyHC 2a and MyHC 2x (2a/x hybrids). B, Mean fiber cross-sectional area (CSA)
measured using MyoVision (39). C, Fiber type specific (type 1, type 2a, or type 2a/x) CSA. Data are expressed as mean = sp; p values
determined by Mann-Whitney U test; *significance p < 0.05.
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Figure 3. Altered mitochondrial activity across fiber types within COVID muscle compared with controls. A, Quantification of total
muscle fibers with dark (high mitochondrial activity), intermediate, or light (low mitochondrial activity) succinate dehydrogenase (SDH)
histochemistry. Quantification of SDH histochemistry within individual fiber types: (B) type 1, (C) type 2a, and (D) hybrid type 2a/x.
Quantification within vastus lateralis muscle biopsies from COVID patients (n = 9) or controls (n= 20). Data are expressed as mean +
sb; p values determined by Mann-Whitney U test; *significance p < 0.05.
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Figure 4. Muscle from survivors of critical COVID have reduced cytochrome c oxidase (CCO) activity but no change in citrate synthase
(CS) compared with controls. A, Quantification of CCO activity per microgram of protein. B, Muscle CS activity per microgram of protein.
C, Reduced CCO activity per CS activity. A=C, Measured using muscle homogenates from COVID patients (n= 10) vs. controls (n = 6).
Data are expressed as mean =+ sp; p values determined by Mann-Whitney U test; *significance p < 0.05.

in non-COVID ICU survivors (41-43). A high prev-
alence of fatigue and lower functional scores are also
consistent with previous studies of long COVID (11,
12, 14). Patients with long-COVID exhibited exer-
cise intolerance coinciding with a higher proportion
of glycolytic type 2x and 2ax muscle fibers and lower
oxidative phosphorylation in permeabilized fibers (11,
12). A lower prevalence of type 1 and higher type 2a/x
myofibers may also explain the high rates of fatigue re-
ported in our study. Previous work demonstrate that
muscle fibers shift from type 1 toward type 2 in met-
abolic disease (44) and during bedrest (45) explaining
the biogenetic inefliciency (type 2 fibers produce lower
amounts of adenosine triphosphate [ATP]). Fiber type
shifts may also occur in response to targeted exercise
training (46) and thus critical COVID survivors may
benefit from long-term exercise strategies.

Muscle biopsies in survivors of critical illness due
to mixed etiologies, demonstrated reduced SC content,
increased collagen deposition, and muscle fiber at-
rophy (18). Our findings suggest that sustained atrophy
does not solely explain functional deficits after critical
COVID as mitochondrial alterations were strongly re-
lated to fatigue and performance in our patients even
despite small sample sizes. Our study design prevents

Critical Care Explorations

the ability to understand the time course of muscle
alterations, but clinicians should recognize that both
the acute illness phase and the post-hospital recovery
phase likely contribute to long-term muscle deficits.
Prolonged immobilization, reduced nutritional sup-
port, and an increase in inflammatory mediators in
the acute phase of critical illness likely lead to oxida-
tive stress and mitochondrial damage in muscle cells.
Post-hospital discharge does not equate to restoration
of muscle health as nutrition status (47) and physical
activity (48) typically remain well below anticipated
norms. Furthermore, previous work in the recovery
phase of critical illness demonstrate alterations in mi-
tochondrial biogenesis genes (19). Clinicians in ICU
and post-hospital phases should screen for impair-
ments related to PICS as well as long-COVID recog-
nizing risk of prolonged fatigue resulting from muscle
mitochondria dysfunction. Muscle mitochondrial
health may respond to targeted interventions such as
nutritional supplements (49) as well as targeted ex-
ercise, but studies are required in ICU and COVID
survivors.

Muscle tissue from survivors of critical COVID
demonstrated higher abundances of SCs and M2-like
macrophages. Perturbations in muscle repair, through

www.ccejournal.org 11
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prolonged M2 macrophage inflammation might be re-
sponsible for the distinct response in critical COVID,
such as observed in chronic disease or injury (50).
Previous data in patients surviving critical illness reveal
high prevalence of inflammation at ICU discharge, but
less is known in the recovery phase (51). Inflammation
and elevated reactive oxygen species initiate a chain re-
action leading to mitochondrial dysfunction and ATP
depletion resulting in an inability for cells to restore
energy levels with ensuing structural damage (17).
Research attention should be placed on understanding
the relationship between elevated and prolonged in-
flammatory state from critical illness with the down-
stream impact on muscle function. Clinicians should
recognize that targeted therapeutic interventions aim
at reducing or controlling the time course of inflam-
mation may influence short- and long-term outcomes.

Our study is not without limitations. We selected
time points based on the standard of care in the ICU
Recovery Clinic with an extended grace time for
muscle biopsy. Sample size may limit the strength of
our study, especially since critical illness presents sev-
eral mediators and confounders. However, to maintain
rigor in our statistical approach, we used two models
for regression analyses with a priori variable selection
to enhance clinical interpretability. Still, the regression
analyses should be interpreted with caution given the
potential for representation and selection biases in crit-
ical COVID survivors. Correlative tests are at risk of
type I error due to multiple comparisons, and type II
error due to small sample sizes in biopsy cohort. Sample
sizes undergoing biopsies could be considered small,
but comparable to prior studies in this field (18, 19).
In addition, consideration must be given to the differ-
ences in time to biopsy as other studies have reported
inflammatory infiltrates and signs of muscle repair at
earlier timepoints. It should be noted that the study
did not compare individuals with an ICU admission
for non-COVID to those with COVID; therefore, we
cannot conclude that the observed deficits are related to
COVID-19 alone and not due to any generalized crit-
ical illness requiring ICU admission.

CONCLUSIONS

Survivors of critical COVID-19 have a high prevalence
of weakness, muscle power deficits, fatigue, and im-
paired functional exercise capacity. Our data suggest
that altered muscle mitochondrial activity associates

12 www.ccejournal.org

with long-term physical impairments after an ICU ad-
mission for COVID-19.
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