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Abstract
Persistent symptoms after acute COVID-19 infection, termed post-COVID-19 fatigue, occur in 44–70% of patients. Char-
acterizing fatigue in this population is vital to determine the etiology of post-COVID-19 fatigue symptoms and to assess 
the effectiveness of potential interventions. The purpose of this study was to assess differences in perceived and objective 
fatigability between people with post-COVID-19 symptoms (N = 29, 20 females) and people who had COVID-19 but are 
not experiencing persistent symptoms (N = 20, 12 females). Perceived fatigability, fatigue, pain, and quality of life were 
assessed with the Fatigue Severity Scale (FSS), Fatigue Assessment Scale (FAS), Visual Analog Scale for Pain (VAS), and 
the EQ-5D-5L, respectively. Objective fatigability was evaluated with torque and work fatigue indices (FI-T and FI-W), cal-
culated via an isokinetic fatigue task. The results revealed that, the subjects with post-COVID-19 symptoms had significantly 
higher FAS (p < 0.01), FSS (p < 0.01), VAS (p < 0.01), and EQ-5D-5L VAS (p < 0.01) scores compared to subjects without 
post-COVID-19 symptoms, indicating greater fatigue and perceived fatigability, increased pain, and worse quality of life. 
However, there were no differences between the two groups for the FI-Ts (all p ≥ 0.07) or FI-W (all p ≥ 0.08), indicating no 
differences in objective fatigability. This study found that people with post-COVID-19 symptoms have increased fatigue and 
perceived fatigability, but not objective fatigability, compared to subjects without post-COVID-19 symptoms.
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Introduction

As of October 2022, over 96 million cases of coronavirus 
disease 2019 (COVID-19) have been documented in the 
United States (Centers for Disease Control and Prevention 
(CDC)). Despite the high (> 90%) survival rate of the acute 
illness, a proportion of patients continue to experience per-
sistent symptoms (World Health Organization (WHO)). 
Importantly, post-COVID-19 condition is characterized as 
symptoms that last for at least two months after an acute 

COVID-19 illness (WHO). However, these symptoms 
have been reported to last over six months in some patients 
(Huang et al. 2021). Post-COVID-19 symptoms include 
anosmia, ageusia, myalgia, cognitive issues (e.g., memory 
or concentration), and, importantly, fatigue (WHO).

Persistent fatigue is one of the most common symptoms, 
occurring in 44–70% of patients, independent of the sever-
ity of the initial infection (i.e., hospitalized vs. non-hos-
pitalized) (Huang et al. 2020; Wang et al. 2020; Xu et al. 
2020; Schulze et al. 2022). Wijeratne et al. (Wijeratne and 
Crewther 2021) reported that, despite complete recovery 
after infection, 71–87% of people with COVID-19 report 
fatigue 2–3 months after initial infection. Interestingly, 
rates of persistent symptoms after COVID-19, particularly 
fatigue, have been thought to be higher in females than males 
(Bechmann et al. 2022; Ceban et al. 2022; Fernandez-de-
Las-Penas et al. 2022). Although fatigue is a frequent and 
disabling symptom by people with various neurological 
disorders (e.g., multiple sclerosis (Krupp 2006) and Par-
kinson Disease (Friedman et al. 2007)), it remains not well 
understood, perhaps because there are several potential 

Communicated by Bill J Yates.

 * Thorsten Rudroff 
 thorsten-rudroff@uiowa.edu

1 Department of Health and Human Physiology, University 
of Iowa, Iowa City, IA, USA

2 Department of Internal Medicine, University of Iowa 
Hospitals and Clinics, Iowa City, IA, USA

3 Department of Neurology, University of Iowa Hospitals 
and Clinics, Iowa City, IA, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00221-022-06518-0&domain=pdf
http://orcid.org/0000-0002-2057-7793


212 Experimental Brain Research (2023) 241:211–219

1 3

contributing factors (i.e., central, peripheral, and psycho-
logical factors) (Rudroff et al. 2020). In general, fatigue 
describes the feelings of tiredness, lack of energy, low 
motivation, and difficulty in concentrating and can only be 
measured by self-report (Enoka et al. 2021). Fatigability, on 
the other hand, is a measure of physical or cognitive work 
capacity. Specifically, perceived fatigability subjectively 
estimates past or future work capacity whereas objective 
fatigability determines the magnitude of the change in a per-
formance metric after completing a prescribed task (Enoka 
et al. 2021).

There are several potential mechanisms underlying the 
persistent fatigue in people with post-COVID-19. Neurologi-
cal dysfunctions as a result of viral encephalitis (Hoffman 
and Vilensky 2017), neuro-inflammation (Rogers et al. 2020; 
Nalbandian et al. 2021), hypoxia (Ceban et al. 2022), and 
cerebrovascular disease (Higgins et al. 2021; Komaroff and 
Lipkin 2021; Nalbandian et al. 2021) have been hypothe-
sized. This is in line with studies on severe acute respiratory 
syndrome (SARS), another coronavirus, which showed per-
sistent fatigue symptoms in survivors (Caldaria et al. 2020), 
potentially due to the virus invading tissues in the central 
and peripheral nervous systems (He et al. 2003; Glass et al. 
2004). Therefore, it has been suggested that post-COVID-19 
may be a neurological disorder due to the overlap in symp-
toms and underlying mechanisms. However, studies linking 
pathophysiological findings with post-COVID-19 symptoms 
are scarce. Douaud et al. (2022) investigated brain changes 
pre- and post-COVID-19 and found increased markers of tis-
sue damage and a reduction in gray matter thickness, global 
brain size, and performance on cognitive tasks in people 
who became infected with COVID-19 (Douaud et al. 2022). 
Similarly, Guedj et al. (2021) demonstrated that bilateral 
hypo-metabolism in various brain regions was significantly 
associated with post-COVID-19 symptoms, including cogni-
tive impairment, pain, and insomnia (Guedj et al. 2021). On 
the other hand, other studies found that neurological deficits 
or significant MRI abnormalities were rarely objectified in 
people with post-COVID-19 and, if present, could be attrib-
uted to other neurological disorders in most cases (Fleischer 
et al. 2022; Kachaner et al. 2022). In line with this, Dressing 
et al. (2022) demonstrated no significant changes in cerebral 
glucose metabolism in post-COVID-19 subjects with self-
reported cognitive impairment and fatigue (Dressing et al. 
2022).

Most studies that aimed to characterize symptoms in peo-
ple with post-COVID-19 symptoms used self-report ques-
tionnaires to evaluate fatigue and/or perceived fatigability, 
but no studies have assessed objectively determined perfor-
mance fatigability. However, comparing these domains of 
fatigue is vital to determine the etiology of post-COVID-19 
fatigue symptoms and to assess the effectiveness of poten-
tial interventions. This is important because perceived 

fatigability is often distinct and independent from objective 
fatigability. Specifically, it has been suggested that these 
domains of fatigue are not correlated or only have a mod-
erate association in most conditions (DeLuca et al. 2008; 
Kluger et al. 2013). For example, in people with multi-
ple sclerosis, several studies have failed to demonstrate a 
consistent association between perceived fatigability and 
behavioral performance (Jennekens-Schinkel et al. 1988; 
Johnson et al. 1997; Beatty et al. 2003; Genova et al. 2013). 
Moreover, it is theorized that some clinical population may 
be able to perform a task as well as healthy controls (i.e., 
same objective fatigability), but they perceive the task as 
more difficult (i.e., increased perceived fatigability) (DeLuca 
et al. 2008; Kohl et al. 2009).

The primary aim of this study was to characterize fatigue 
in people with post-COVID-19 symptoms. Specifically, 
we assessed differences in fatigue as well as perceived and 
objective fatigability between people with post-COVID-19 
symptoms and people who had COVID-19, but are not 
experiencing persistent symptoms (i.e., people without 
post-COVID-19 symptoms). We hypothesized that peo-
ple with post-COVID-19 symptoms would have greater 
fatigue and perceived fatigability, according to self-report 
questionnaires, but not objective, performance fatigability, 
as assessed by fatigue tests, compared to subjects without 
post-COVID-19 symptoms.

Methods

Subjects

29 subjects (20 females) with post-COVID-19 and 20 
(12 females) subjects without post-COVID-19 symptoms 
(people who had a confirmed diagnosis of COVID-19 but 
are not experiencing persistent symptoms) were recruited 
from the University of Iowa Hospitals and Clinics via 
mass email to university students, staff, faculty, and alumni 
between January 2021 and June 2022. Only patients who 
meet CDC guidelines for discontinuation of home isola-
tion were recruited. Subject characteristics are displayed in 
Table 1. Inclusion criteria were: (1) between the ages of 
18–80 years old, (2) previous positive COVID-19 test (con-
firmed via medical record), (3) at least 6 weeks post quaran-
tine, (3) experiencing or not experiencing post-COVID-19 
symptoms (depending on group assignment), based on the 
Chalder Fatigue Scale CFQ-11 score (post-COVID-19 
fatigue ≥ 5 (Chalder et al. 1993)) and the COVID-19 York-
shire Rehab Screen (C19-YRS) (O'Connor et al. 2022), (4) 
have no current or past medical conditions that would make 
the completing the protocol dangerous for the subject, (5) 
demonstrated an understanding of the study protocol during 
screening phone call, and (6) fluent in English. Exclusion 
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criteria included: (1) the presence of any medical conditions 
that are contraindications to exercising training (e.g., major 
renal, pulmonary, hepatic, or cardiovascular disorders), (2) 
being diagnosed with any condition that may exacerbate 
fatigue (e.g., anemia, hypothyroidism, B12 deficiency, major 
sleep disorder, major depressive disorder, stress, anxiety), 
(3) history of significant traumatic brain injury or hydro-
cephalus, or 4) pregnancy. This study was approved by the 
Institutional Review Board at the University of Iowa (IRB 
#202,009,381) and was performed in accordance with the 
Declaration of Helsinki.

Experimental protocol

Subjects completed one experimental session to assess 
fatigue as well as perceived and objectively determined 
fatigability. During this session, subjects were consented, 
then completed questionnaires to assess their fatigue and 
perceived fatigability, followed by an isokinetic fatigue test.

Measurements

Fatigue, perceived fatigability, pain, and quality of life 
assessments

The Fatigue Assessment Scale (FAS) contains 10 statements 
to evaluate fatigue (Michielsen et al. 2003). Subjects rated 
each statement on a 5-point scale (1 = “never”–5 = “always”), 
depending on how appropriate they felt the statement applied 
to them. A low value indicates that the statement does not 
apply to them, whereas a high value indicates high agree-
ment with the statement. The scores from the statements are 
summed, with statements 4 and 10 “reverse-scored.” Total 
scores range from 10 (lowest level of fatigue) to 50 (highest 
level of fatigue).

The Fatigue Severity Scale (FSS) contains nine state-
ments to assess perceived fatigability (Krupp et al. 1989; 

Enoka et  al. 2021). Subjects rated each statement on a 
7-point scale, depending on how appropriate they felt the 
statement applied to them over the preceding week. A low 
value indicates that the statement does not apply to them, 
whereas a high value indicates high agreement with the 
statement. This questionnaire is scored by calculating the 
average response to the statements. A score ≥ 4 indicates a 
clinically significant level of fatigue severity and a change 
of 0.5–0.89 points is considered the minimally clinically 
important difference (Rooney et al. 2019).

The Visual Analog Scale for Pain (VAS) asks subjects to 
indicate on a scale from 0 (no pain) to 100 (pain as bad as 
it could be) how much pain, on average, they experienced 
over the past 24 h.

EQ-5D-5L questionnaire assesses quality of life on a 
5-component scale including mobility, self-care, usual activ-
ities, pain/discomfort, and anxiety/depression (Janssen et al. 
2013). Subjects rated each component by indicating which 
statement best describes the degree of problems that they are 
experiencing in that area (e.g., “I have no problems walking” 
to “I am unable to walk”). Subjects are then asked to rate 
their current overall health on a scale from 0 (worst health 
imaginable) to 100 (best health imaginable).

Objective fatigability assessments

The isokinetic fatigue test consisted of 40 consecutive max-
imal effort contractions of the knee extensors and flexors 
(120°/s, concentric/concentric) performed on an isokinetic 
dynamometer (HUMAC NORM, CSMi, Stoughton, MA). 
Prior to the fatigue test, subjects completed a 10-repeti-
tion warm-up (60°/s, concentric/concentric). The right leg 
fatigue test was performed first, followed by the left leg. 
Visual (i.e., per rep work bars) and verbal encouragement 
was provided to ensure a maximal effort performance from 
the subjects. Peak torque and total work for each repetition 
were retained for analysis. The first two repetitions of the 
fatigue task were considered adaptions and removed from 
subsequent analyses. Two fatigue indices were calculated: 
a torque-derived fatigue index (FI-T) and a work-derived 
fatigue index (FI-W). The peak torque from each repeti-
tion was used to calculate the FI-T as follows: ([mean of 
first five repetitions–mean of last five repetitions]/mean of 
first five repetitions) × 100 (Lambert et al. 2001; Workman 
et al. 2020b). A high FI-T indicates increased fatigability, as 
the subject was not able to produce a similar torque during 
the first and last five repetitions. The total work from each 
repetition was used to calculate the FI-W as follows: (total 
work performed in last half of the fatigue task/total work 
performed in the first half of the fatigue task) × 100 (Jans-
sen et al. 2013; Rooney et al. 2019). A low FI-W indicates 
increased fatigability, as the subject was unable to produce 

Table 1  Subject Characteristics

Data are mean ± SD. *Indicates significant difference between the 
groups (p < 0.01).

Without post-
COVID-19 symptoms

With post-
COVID-19 
symptoms

N (females) 20 (12) 29 (20)
Chalder fatigue scale 1.20 ± 1.47 7.64 ± 2.11*
Time since COVID-19 

diagnosis (months)
6.89 ± 4.76 6.45 ± 4.04

Age (years) 32.10 ± 12.68 37.07 ± 14.81
Weight (kg) 77.17 ± 13.42 76.89 ± 13.47
Height (cm) 171.98 ± 11.38 168.07 ± 10.90
BMI 26.20 ± 4.91 27.37 ± 5.14
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a similar amount of work in the second half of the fatigue 
test as compared to the first half.

Statistical analysis

Unpaired t tests were used to evaluate differences between 
the people with and without post-COVID-19 symptoms on 
each outcome variable. Normality and linearity assumptions 
for the t tests were investigated via histograms, skewness 
and kurtosis statistics, and Q–Q plots of the residuals of 
the outcome variables. One-way ANOVAs were used to 
assess sex differences between the subgroups, stratified 
by sex and fatigue status (females with post-COVID-19 
symptoms, females without post-COVID-19 symptoms, 
males with post-COVID-19 symptoms, and males without 
post-COVID-19 symptoms). Normality and homogeneity 
assumptions for the ANOVA were assessed with Q–Q plots 
and Levene’s test for Homogeneity of Variances, respec-
tively. Cohen’s d was calculated to clarify any significant dif-
ferences. Significance was accepted at p ≤ 0.05, after a Tukey 
correction, and analyses were performed using GraphPad 
Prism 9 (GraphPad Software, San Diego, CA, USA).

Results

All subjects completed all experimental tasks. Table 1 shows 
the subject characteristics. Data are reported as mean ± SD 
in the text and mean ± SEM in the figures.

The results of the unpaired t tests revealed that, the 
subjects with post-COVID-19 symptoms had signifi-
cantly higher FAS (Without Post-COVID-19 symptoms: 
15.10 ± 4.02, with post-COVID-19 symptoms: 28.35 ± 7.70, 
p < 0.01, d = 2.16, Fig. 1A) and FSS scores compared to 
subjects without post-COVID-19 symptoms (Without Post-
COVID-19 symptoms: 2.06 ± 0.57, with post-COVID-19 
symptoms: 4.71 ± 1.41, p < 0.01, d = 2.46, Fig. 1B), indicat-
ing increased fatigue and perceived fatigability.

The subjects with post-COVID-19 symptoms also 
reported higher pain compared to the people without post-
COVID-19 symptoms, according to their VAS scores (With-
out Post-COVID-19 symptoms: 4.30 ± 11.46, with post-
COVID-19 symptoms: 25.34 ± 21.42, p < 0.01, d = 1.22), and 
lower quality of life, as indicated by their EQ-5D-5L VAS 
scores (Without Post-COVID-19 symptoms: 86.08 ± 8.39, 
with post-COVID-19 symptoms: 68.90 ± 18.43, p < 0.01, 
d = 1.20, Fig. 2).

The results of the unpaired t tests for the FI-T of the 
right knee extensors (Without Post-COVID-19 symp-
toms: 59.71 ± 10.98, with post-COVID-19 symptoms: 
59.51 ± 12.23, p = 0.95, d = 0.02, Fig. 3A) left knee exten-
sors (Without Post-COVID-19 symptoms: 58.69 ± 10.50, 
with post-COVID-19 symptoms: 59.48 ± 12.10, p = 0.81, 

Fig. 1  A Fatigue Assessment Scale (FAS) scores stratified by group 
(With post-COVID-19 symptoms vs. without Post-COVID-19 symp-
toms). Females are shown in red while males are shown in blue. 
*Indicates significantly increased fatigue in the post-COVID-19 
group (p < 0.01). B Fatigue Severity Scale (FSS) scores stratified by 
group (With post-COVID-19 symptoms vs. without Post-COVID-19 
symptoms). Females are shown in red while males are shown in blue. 
*Indicates significantly increased fatigue in the subjects with post-
COVID-19 symptoms (p < 0.01)

Fig. 2  The Visual Analog Scale for quality of life (EQ-5D-5L VAS) 
scores stratified by group (With post-COVID-19 symptoms vs. with-
out Post-COVID-19 symptoms). Females are shown in red while 
males are shown in blue. *Indicates significantly lower quality of life 
in the subjects with post-COVID-19 symptoms (p < 0.01)
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d = 0.07), right knee flexors (Without Post-COVID-19 
symptoms: 40.89 ± 11.09, with post-COVID-19 symp-
toms: 44.59 ± 12.63, p = 0.30, d = 0.31), and left knee flex-
ors (Without Post-COVID-19 symptoms: 42.93 ± 10.39, 
with post-COVID-19 symptoms: 35.95 ± 13.67, p = 0.07, 
d = 0.57) showed no significant differences in fatigabil-
ity between subjects with and without post-COVID-19 
symptoms. Similarly, the FI-W of the right knee exten-
sors (Without Post-COVID-19 symptoms: 53.78 ± 9.30, 
with post-COVID-19 symptoms: 52.39 ± 10.88, p = 0.65, 
d = 0.14, Fig.  3B), left knee extensors (Without Post-
COVID-19 symptoms: 57.88 ± 9.44, with post-COVID-19 
symptoms: 55.99 ± 10.41, p = 0.52, d = 0.19), right knee 
flexors (Without Post-COVID-19 symptoms: 65.63 ± 8.61, 
with post-COVID-19 symptoms: 63.66 ± 10.41, p = 0.49, 
d = 0.21), and left knee flexors (Without Post-COVID-19 
symptoms: 70.37 ± 9.68, with post-COVID-19 symptoms: 
65.63 ± 7.96, p = 0.08, d = 0.53) revealed no significant dif-
ferences between people with and without post-COVID-19 
symptoms.

The results of the one-way ANOVAs for the FAS, 
FSS, VAS, and EQ-5D-5L revealed significant differ-
ences between subgroups (all F (3, 45) ≤ 22.01, p < 0.01). 
However, post hoc testing revealed no significant differ-
ences between females with post-COVID-19 symptoms 
and males with post-COVID-19 symptoms (all p ≥ 0.34) 

or females without post-COVID-19 symptoms and males 
without post-COVID-19 symptoms (all p = 0.93) for all of 
the questionnaires.

Discussion

To our knowledge, this is the first study to assess differences 
in fatigue as well as perceived and objectively fatigability 
in people with post-COVID-19 symptoms and people who 
had COVID-19 but are not experiencing post-COVID-19 
persistent symptoms. The main findings were that subjects 
with post-COVID-19 symptoms reported higher levels of 
fatigue and perceived fatigability than subjects without 
post-COVID-19 symptoms, but there were no differences 
in objective fatigability between the groups. Furthermore, 
people with post-COVID-19 symptoms reported worse 
fatigue-related factors, such as increased pain and decreased 
quality of life, which has been demonstrated in other stud-
ies in people with post-COVID-19 symptoms (Haider et al. 
2022; Peterson et al. 2022) and is common in other neuro-
logical disorders (e.g., multiple sclerosis and chronic fatigue 
syndrome) (Harrison et al. 2015; Heitmann et al. 2016; 
Workman et al. 2020a, 2020c). These findings support our 
hypothesis regarding perceived and objectively determined 
fatigability.

Discrepancies between fatigue as well as perceived and 
objective fatigability have been demonstrated in other patient 
populations, such as people with multiple sclerosis (PwMS). 
For example, DeLuca and colleagues indicated that these 
domains of fatigue are often not correlated or have no more 
than a moderate association in PwMS (DeLuca et al. 2008). 
Studies in PwMS and people with traumatic brain injuries 
(TBI) suggest that, although these clinical populations may 
be able to perform a task at comparable levels to healthy con-
trols (i.e., same objective fatigability), their increased per-
ception of fatigability may reflect an increase in the amount 
of cerebral resources needed to do so (DeLuca et al. 2008; 
Kohl et al. 2009). However, the pathophysiology of fatigue 
and perceived fatigability in people with post-COVID-19 
remains vague. Previous studies have assessed structural 
damage to the central nervous system (CNS) using advanced 
MRI techniques, such as diffusion tensor imaging (DTI) in 
PwMS and failed to find a significant association between 
perceived fatigability and structural alterations (Codella 
et al. 2002a, 2002b). Similarly, recent studies in people with 
post-COVID-19 symptoms found no significant differences 
in MRI findings between subjects with and without cogni-
tive impairments and fatigue after acute infection (Hellgren 
et al. 2021; Huang et al. 2022). Moreover, despite several 
studies detecting changes in brain microstructure of people 
with post-COVID-19 with structural MRI (Colonna et al. 
2020; Freeman et al. 2021; Hixon et al. 2021; Nuzzo et al. 

Fig. 3  A Fatigue index derived from the torque data for the right 
knee extensors stratified by group (With post-COVID-19 symptoms 
vs. without Post-COVID-19 symptoms). Females are shown in red 
while males are shown in blue. There were no significant differ-
ences between the groups (p = 0.95). B Fatigue index derived from 
the work data for the right knee extensors stratified by group (With 
post-COVID-19 symptoms vs. without Post-COVID-19 symptoms). 
Females are shown in red while males are shown in blue. There were 
no significant differences between the groups (p = 0.65)
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2021; Cecchini et al. 2022) and DTI (Liu et al. 2019; Tian 
et al. 2020; Qin et al. 2021), no correlations with fatigue 
symptoms have been reported. Other recent studies found 
that post-COVID-19 symptoms were rarely associated with 
damage of the central or peripheral nervous system (Fleis-
cher et al. 2022) or alterations in regional cerebral glucose 
metabolism (Dressing et al. 2022). Moreover, the Fleischer 
and colleagues concluded that psychosomatic mechanisms, 
such as somato-sensoric amplification may play a role in 
the pathogenesis of post-COVID-19 symptoms (Fleischer 
et al. 2022).

As mentioned previously (Rudroff et al. 2020), fatigue 
and perceived fatigability also depend on other factors, such 
as mood, stress, pain, depression and anxiety. Specifically 
in people with post-COVID-19 symptoms, Calabria et al. 
(2022) found that increased levels of neuropsychiatric symp-
toms were important predictors of fatigue (Calabria et al. 
2022), and a systematic review found that depression and 
anxiety was reported in 32% and 34% of subjects with post-
COVID-19 symptoms, respectively (Jennings et al. 2021). 
However, Schulze and colleagues demonstrated that fatigue 
was not associated with symptoms of anxiety or depres-
sion in males and females with post-COVID-19 symptoms 
(Schulze et al. 2022). Moreover, Peterson et al. demonstrated 
that conditioned pain modulation was impaired in people 
who had symptomatic acute COVID-19 (Peterson et al. 
2022) and Haider et al. found that pain levels in people with 
post-COVID-19 symptoms are comparable to people with 
fibromyalgia and chronic fatigue syndrome (Haider et al. 
2022), which is line with the results of the current study. 
Additionally, it has been suggested that self-reporting post-
COVID-19 symptoms may be influenced by one’s perception 
of the COVID-19 pandemic and apprehension about devel-
oping post-COVID-19 symptoms (Engelmann et al. 2022; 
Matta et al. 2022). Therefore, it is warranted that future 
research characterizes how psychosomatic factors contribute 
to the pathophysiology of post-COVID-19 fatigue.

Functional neuroimaging techniques to study fatigue, 
such as positron emission tomography with the glucose 
analog 18F-fluorodeoxyglucose (FDG-PET), may provide 
more information about the underlying mechanisms of post-
COVID-19 fatigue symptoms. A review by Rudroff et al. 
(Rudroff et al. 2021) summarized studies in people with 
post-COVID-19 that showed FDG-PET hypo-metabolism 
in a variety of brain regions and associations with symptoms 
(Fleischer et al. 2022). For example, Guedj et al. (Guedj 
et al. 2021) found hypo-metabolism in the bilateral rectal/
orbital gyrus (including the olfactory gyrus), hippocampus, 
temporal lobe (including the amygdala), bilateral pons/
medulla brainstem, thalamus, and the bilateral cerebellum 
using FDG-PET in people with post-COVID-19 symptoms 
(Guedj et al. 2021). Importantly, this hypo-metabolism was 
associated with the patients’ symptoms (e.g., hyposmia/

anosmia, cognitive impairment, pain and insomnia) (Guedj 
et al. 2021). Similarly, Sollini et al. (Sollini et al. 2021) dem-
onstrated an association between brain hypo-metabolism in 
the thalamus as well as the right para-hippocampal gyrus and 
persistent symptoms (e.g., fatigue and anosmia/ageusia) in 
people with post-COVID-19 (Sollini et al. 2021). These find-
ings are in line with the model fatigue suggested by Chaud-
huri & Behan (Chaudhuri and Behan 2000), which hypoth-
esized that perceived fatigue is associated with impairment 
of the non-motor functions within the basal ganglia, which 
in turn negatively impacts the striatal-thalamic-frontal cor-
tical system (Chaudhuri and Behan 2000). Similarly, in 
PwMS, pathology of the striatum, thalamus, superior frontal 
gyrus and inferior parietal gyrus has been associated with 
increased levels of perceived fatigue (Roelcke et al. 1997; 
Tellez et al. 2008; Calabrese et al. 2010; Pardini et al. 2010). 
However, more work is needed to establish a fatigue network 
specific to people with post-COVID-19.

Interestingly, the results of the current study demon-
strated no sex differences between women and men with 
post-COVID-19 symptoms, which contradicts previous 
studies. There are several contributing factors to potential 
sex differences in fatigue, pain, and quality of life includ-
ing biological (e.g., levels of fluctuating hormones) and 
social (e.g., gender norms) (Bensing et al. 1999; Rudroff 
et al. 2022). These factors were not addressed by the ques-
tionnaires used to assess fatigue and perceived fatigability 
and, therefore, may not be sensitive enough to examine sex 
differences. Moreover, the sample size in current study may 
not be large enough to determine sex differences, although 
they may have affected the results.

Limitations and future studies

There are several limitations in this study. First, although 
there were no significant differences between the groups. 
There is a large variation in the time since COVID-19 diag-
nosis within each group. This is important because symptom 
severity may decrease as more time passes after acute illness 
(Sandler et al. 2021). Similarly, although there were no dif-
ferences between the groups, there is a large age range of the 
subjects in each group, which may influence both perceived 
and objective fatigability. Additionally, the cohort of sub-
jects in this study is young and the results may not general-
ize to older people with post-COVID-19 symptoms. Moreo-
ver, although potential subjects were excluded if they had 
a condition known to exacerbate fatigue, we did not assess 
additional factors that may influence fatigue, such as psy-
chological stress or levels of anxiety and depression. Lastly, 
a larger sample size may be needed to thoroughly evaluate 
sex differences in people with post-COVID-19 symptoms. 
No power calculation was performed and the study should 
be seen as a preliminary investigation, conducted with the 
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aim of informing further research, not providing any defini-
tive conclusions.

Future studies should further characterize and establish 
a clinical definition of fatigue and perceived fatigability in 
people with post-COVID-19 symptoms, which will allow 
for the development of reliable and valid approaches to 
diagnose these domains of fatigue in this patient popula-
tion. These studies should assess other factors that may 
influence fatigue, such as levels of depression, stress, sleep 
quality, physical activity levels, pain, and anxiety as well as 
various factors that may contribute to the development of 
post-COVID-19 symptoms, including time since acute ill-
ness, the variant in which subjects were infected with, and 
vaccination status. Moreover, future studies should compare 
people who have not had COVID-19 in addition to people 
with and without post-COVID-19 symptoms. Importantly, 
future research should evaluate underlying physiological and 
psychological mechanisms of fatigue and perceived fatiga-
bility to determine risk factors for post-COVID-19 fatigue 
and evaluate the effectiveness of potential interventions. For 
example, determining alterations in glucose metabolism in 
the brain via FDG-PET may lead to the establishment of a 
“Post-COVID-19 Fatigue Network,” which may establish 
target structures for neurophysiological treatments.

Summary

This study found that people with post-COVID-19 symptoms 
have significantly increased fatigue and perceived fatigabil-
ity, but not objective fatigability compared to people who 
had COVID-19, but are not experiencing post-COVID-19 
persistent symptoms. However, more research with larger 
sample sizes is needed before any conclusions can be made. 
Furthermore, it is suggested that future research should take 
into account psychosomatic factors as possible triggers for 
post-COVID-19 fatigue. Moreover, there were no differences 
in perceived fatigability between males and females, which 
also requires further investigation. This research is highly 
significant, especially regarding treatment of symptoms 
and the development of assessments to distinguish between 
perceived and objective fatigability in people with post-
COVID-19 fatigue.
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