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Abstract 

A workshop titled “Beyond the Symptom: The Biology of Fatigue” was held virtually September 27–28, 2021. It was jointly organized 
by the Sleep Research Society and the Neurobiology of Fatigue Working Group of the NIH Blueprint Neuroscience Research Program. 
For access to the presentations and video recordings, see: https://neuroscienceblueprint.nih.gov/about/event/beyond-symptom-biol-
ogy-fatigue. The goals of this workshop were to bring together clinicians and scientists who use a variety of research approaches to 
understand fatigue in multiple conditions and to identify key gaps in our understanding of the biology of fatigue. This workshop sum-
mary distills key issues discussed in this workshop and provides a list of promising directions for future research on this topic. We do 
not attempt to provide a comprehensive review of the state of our understanding of fatigue, nor to provide a comprehensive reprise 
of the many excellent presentations. Rather, our goal is to highlight key advances and to focus on questions and future approaches 
to answering them.
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Statement of Significance

This workshop brought together investigators who study fatigue across many different model systems and human diseases to dis-
cuss common and divergent approaches to the study of the biology of fatigue. The workshop was significant because it attempted 
to move beyond discussing fatigue as a symptom but rather to discuss the underlying mechanisms of fatigue. The workshop sum-
mary provides a summary of the presentations and important discussions that were held during the 2-day workshop.

Introduction
A workshop titled “Beyond the Symptom: The Biology of Fatigue” 
was held virtually September 27–28, 2021. The goals of the work-
shop were to bring together clinicians and scientists who use a 
variety of research approaches to understand fatigue in multiple 
conditions and to identify key gaps in our understanding of the 
biology of fatigue. It was jointly organized by the Sleep Research 
Society and the Neurobiology of Fatigue Working Group of the 
NIH Blueprint Neuroscience Research Program. For access to the 
presentations and video recordings, see: https://neuroscience-
blueprint.nih.gov/about/event/beyond-symptom-biology-fatigue.

The presentations and discussions at the workshop attempted 
to move beyond discussing fatigue as a symptom of disease, but 
rather to explore the biological underpinnings of fatigue across 
different human diseases and model systems. The well-attended 
virtual workshop provided a platform for discussion across 
human diseases areas and disciplines to provide overall recom-
mendations for future research priorities to further our under-
standing of the biology of fatigue.

Fatigue in Sickness and in Health
What is fatigue?
The Italian physiologist, Angelo Mosso, stated more than a cen-
tury ago that the word “fatigue” refers to at least two phenom-
ena, “The first is the diminution of muscular force. The second 
is fatigue as a sensation”. In other words, there is a physical fact 
that can be measured, and a psychic fact that eludes measure-
ment [1]. Over the past century, measurements of the “sensation” 
of fatigue were limited to subjective self-reporting. Numerous 
metrics were developed to measure the severity or intensity of 
fatigue based on these measures [2].

Scholars have tried to define more precisely different attrib-
utes of the sensation that is called fatigue. It is generally agreed 
that the sensation of fatigue (1) can involve difficulty in initiating 
activity and/or in sustaining activity; (2) can occur with physical 
activity, mental activity, and/or emotional activity; (3) is a dimin-
ished ability to perform an activity despite the of motivation to do 
so; and (4) can involve the perception that the effort required to 
perform an activity is more than is required. The phenomenon of 
fatigue should be distinguished from fatigability (see Box). Fatigue 
is an internal state that is self-reported. Fatigability refers to dec-
rements in motor or cognitive performance over time. Fatigability 
may reflect the balance between utilization and restoration of 
energy resources, that may not correspond to the self-reported 
sensation of fatigue [3].

To more objectively define the phenotype of fatigue, Marylyn 
Ritchie (University of Pennsylvania) suggested two approaches 
related to how the term is used in electronic medical records 
(EMR). One approach is to formulate a definition using diagnosis 
and symptom codes (structured EMR variables) along with pro-
vider notes (unstructured EMR information) which can be ana-
lyzed, for example, using natural language processing [4, 5].

Another approach is to use crowd sourcing in which a group 
of fatigue experts would be asked to define a fatigue phenotype 
based on reading medical records. Ronald Tompkins (Harvard), 
suggested the use of omics (e.g. transcriptomics, proteomics, 
metabolomics) to describe correlates of fatigue self-reports from 
patients recovering from critical illness.

Fatigue may have different biological causes and/or mecha-
nisms in healthy people; people experiencing an acute illness; 
people experiencing chronic organ dysfunction; and people with 
chronic symptoms not clearly linked to organ dysfunction. While 
underlying biological causes and/or mechanisms may differ, 
healthy volunteers and those with chronic conditions describe 
the symptoms of fatigue in similar terms [2]. Factors that worsen 
fatigue include disrupted sleep, pain, depression, and anxi-
ety. Whether non-refreshing sleep is a cause or consequence of 
fatigue remains to be elucidated (see below) but it is often inter-
twined with the symptom of fatigue.

Some characteristics of fatigue vary across disease states 
[6]. Two examples are: (1) fatigue often worsens with increased 
ambient temperature in people with multiple sclerosis (MS) but 
does not increase in systemic lupus erythematosus (SLE), another 
immunologically-mediated disease. (2) Exercise often worsens 
fatigue in people with myalgic encephalomyelitis/chronic fatigue 
syndrome (ME/CFS), whereas exercise can be beneficial in indi-
viduals with MS-associated fatigue [7, 8].

Psychological contributors to fatigue need to be considered. 
Fatigue can be reflected in motivational affective states such as 
anhedonia, loss of appetite, avoidance of social interactions, and 
reluctance rather than inability to engage in physical activity—
in other words low “positive affect”. These characteristics can be 
linked to negative life events as well as with disease. Among indi-
viduals with disease-related fatigue, such as those with MS, the 
sense of “being out of control” is linked to increased fatigue [9].

The mechanisms underlying the sensation of fatigue involve 
both central and peripheral components. Neuroimaging studies 
found an association between the sensation of fatigue and neu-
roinflammation in individuals with MS [10], fibromyalgia [11], 
and ME/CFS [12]. However, given that fatigue is a key component 
of many conditions that do not affect the structure of the brain, 
it is reasonable to evaluate for functional networks shared 
across conditions. This approach could include an evaluation 
of central and peripheral changes in neural activity, changes in 
cytokine or other immune factors, changes in metabolites, or 
changes in brain and/or body temperature as well as energy 
metabolism.

Exercise-induced physiological fatigue
In the context of physical performance, fatigability is associated 
with the inability to continue an endurance activity or the inabil-
ity to produce or sustain maximal muscle contraction. Fatigue and 
fatigability resulting from high levels of physical performance are 
adaptive responses that protects the body from consequences of 
over-exertion such as muscle cell injury, or deterioration of vital 
homeostatic functions (e.g. maintenance of cardiac output, blood 
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oxygenation, temperature). Both spinal and supraspinal mecha-
nisms combine to decrease neural stimulation of spinal motor 
neurons during fatiguing exercise including focal changes in cor-
tical excitation and inhibition in the motor cortex [13]. During 
fatigue, a variety of intramuscular receptors alter the activity of 
proprioceptors that project to the spinal cord and brain. Some 
evidence suggests that motor neurons become less excitable after 
repetitive contraction of their muscles [14]. In addition, evidence 
exists of reduced output from the motor cortex [13, 15].

One consequence of muscular overactivity is hyperthermia. 
Mammals have the capacity to produce heat to dangerous levels. 
For defense against hyperthermia, that occurs in both endurance 
and anaerobic activities, the body sweats to increase heat loss. 
Heat loss is enhanced by increases in blood flow through arter-
io-venous anastomoses and rete venosa—vascular features of the 
glabrous (non-hairy) skin. Extracting heat from these surfaces 
can greatly reduce fatigue and fatigability extending endurance 
in aerobic activities [16], and work volume in anaerobic activities 
[17, 18].

How does heat cause fatigue? Craig Heller (Stanford) cited 
evidence that pyruvate kinase (PK), a critical enzyme in energy 
production, is inactivated by high temperatures [19]. By inacti-
vating PK, rising muscle temperature limits ATP production and 
decreases the ability of the muscle to exert force, avoiding hyper-
thermia by producing physical fatigability. This adaptive perspec-
tive on fatigability—the reduction in ability to produce ATP as 
a means of preventing damage may share common underlying 
physiological mechanisms with maladaptive fatigue that is asso-
ciated with disorders such as ME/CFS.

Role of sleep and circadian rhythms in fatigue
Endogenous circadian rhythms, that are entrained primarily by 
environmental light stimuli, involve a hierarchy of biological 
clocks, including the molecular transcriptional/translational 
negative feedback loop that exists in virtually every cell of the 
body. Phyllis Zee (Northwestern) and Elizabeth Klerman (Harvard 
Medical School) explained that these rhythms are key regulators 
of overall health due to their role in modulation of sleep/wake 
cycles, body temperature, cell division, neuroendocrine function, 
inflammation, oxidative stress, and energy metabolism. The tim-
ing and duration of sleep and wake are regulated by the inter-
action among circadian rhythms and sleep homeostasis [20]. 
Circadian misalignment (discussed by Klerman), where the posi-
tioning of the sleep-wake cycle occurs at inappropriate circadian 
times (e.g. being awake when the circadian system is promoting 
sleep), reduces sleep efficiency and daytime alertness, can lead to 
fatigue, for example, in shift workers.

Sleep disruption, whether due to sleep curtailment or to dis-
orders of sleep and wakefulness, is commonly associated with 
symptoms of fatigue and daytime sleepiness. The close relation-
ship among sleep, circadian disruption, and fatigue is supported 
by the finding that interventions such as light therapy and exer-
cise, that can affect both circadian rhythmicity and sleep quality, 
increase the sense of well-being in healthy individuals and miti-
gate fatigue symptoms of some disease [21–23].

Although sleepiness and fatigue are closely interrelated, they 
are different. Sleepiness is the drive to sleep. Athletes after extreme 
exertion can be physically fatigued, but not sleepy. Changes in 
resting pupillary stability is used as a measure of sleepiness. 
Recent work (discussed by Dr. Zee) indicates that pupillometry 
can detect alteration in the response to light in some patients 
with fatigue [24, 25]. Objective differentiation between sleepiness 
and fatigue is vital to establishing management approaches for 

both disorders of sleep and other conditions in which fatigue is 
prominent. Complicating the assessment is the fact that most 
research on sleep disturbances and fatigue are in the context of 
other medical, neurological, and psychiatric disorders in which 
both symptoms are common.

Sleepiness and fatigue can be independent consequences of 
sleep disorders, for example, in patients with insomnia disorder. 
Despite disruption of their sleep, these patients report mainly 
fatigue and not sleepiness, thereby distinguishing them from 
other sleep disorders such as narcolepsy and sleep apnea [26–28], 
in which sleepiness is a major component. Dr. Zee discussed that 
while sleep, alertness, and sleepiness can be measured objec-
tively using polysomnography, the psychomotor vigilance task, 
and the multiple sleep latency test (MSLT), objective measures of 
fatigue are lacking.

Janet Mullington (Harvard Medical School) explained that cor-
tical electrical signals measured using electroencephalography 
(EEG) and generated during wakefulness and sleep can be ana-
lyzed using Fast Fourier Transform and other quantified signal 
analytical methods. The nocturnal sleep of healthy sleepers leads 
to reduced levels of EEG power in the beta (13–30 Hz) and gamma 
(31–50 Hz) spectral bands measured during wakefulness in the 
morning compared with evening pre-sleep levels in age-matched 
patients with insomnia disorder [29]. The lack of reduction in the 
beta and gamma power brought about by sleep suggests that this 
change may be a marker of the impairment of the restorative 
function of sleep in insomnia disorder.

EEG slow-wave activity (delta, 0–4 Hz) power decreases through 
a night of sleep. Delta power is considered to reflect homeostatic 
sleep drive since its magnitude is correlated with the duration of 
prior wakefulness. Delta power at sleep-onset in insomnia disor-
der patients is lower than in age-matched healthy controls [30], 
suggesting that the build-up of sleep pressure during the day is 
reduced in insomnia [31]. In a meta-analysis [32], the investiga-
tors summarized EEG studies that show elevated fast activity and 
reduced delta activity in the EEG during NREM sleep, in insom-
nia disorder patients. Thus, novel methods of EEG analysis show 
promise for discovering a biomarker of non-restorative sleep, 
that is a cardinal feature of insomnia disorder and which char-
acterizes the sleep of ME/CFS patients. Interestingly, in a study of 
monozygotic twins discordant for ME/CFS, the homeostatic slow-
wave response to sleep deprivation was impaired, and patients 
showed reduced NREM delta power decay across the night, pro-
viding further evidence of a deficit in recovery sleep processes 
associated with symptoms of non-refreshing sleep [33].

One approach to investigate the role of sleep in sleepiness 
and fatigue is to manipulate sleep experimentally. Individuals 
are exposed to acute total sleep deprivation and prolonged sleep 
restriction, to study accrual of neurobehavioral deficits [34]. 
Several studies investigated subjective wellbeing-and sleepiness 
indices, as well as hypothalamic-pituitary-adrenal axis, auto-
nomic, and inflammatory system consequences of prolonged 
sleep restriction and recovery [35–39]. The build-up and recovery 
of different neurobehavioral [40] and physiological systems are 
not uniform. For instance, inflammatory system activation due 
to sleep loss takes multiple days to recover after normal sleep 
resumes [36]. In addition, fatigue takes multiple days to recover 
from chronic sleep restriction, particularly in women, whereas 
sleepiness reverts to baseline levels more quickly [41].

Cancer-related fatigue
Fatigue is one of the most common symptoms of cancer and its 
treatments [42]. As discussed by Christine Miaskowski (UCSF), 
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cancer-related fatigue (CRF) is be defined as “a distressing, per-
sistent, subjective sense of physical, emotional, and/or cognitive 
tiredness or exhaustion related to cancer or cancer treatment 
that is not proportional to recent activity and interferes with 
usual functioning. Compared with fatigue experienced by healthy 
individuals, CRF is more severe, more distressing, and less likely 
to be relieved by rest” [42].

A large number of cancer-specific instruments exist to meas-
ure single and multiple dimensions of the experience of CRF. The 
majority of the single dimension measures (e.g. Brief Fatigue 
Inventory) evaluate symptom severity. Multidimensional meas-
ures evaluate the physical, mental, and/or cognitive dimensions 
of CRF. However, no consensus exists on which measure should 
be used across studies. This lack of uniformity impedes progress 
in understanding the biology of CRF.

Cross-sectional and longitudinal studies document that young 
female oncology patients with decreased functional status and 
higher level of comorbidity report higher levels of CRF [43, 44]. 
Oncology patients with greater degree of CRF report higher levels 
of global, disease-specific, and cumulative life stress [45], as well 
as the co-occurrence of sleep disturbance, depression, cognitive 
dysfunction, and pain [46–48].

While most studies of CRF report mean severity scores or 
dichotomize patients into low versus high severity fatigue groups, 
an emerging literature emphasizes inter-individual variability. 
Moreover, CRF shows diurnal variation: there are subgroups of 
patients exist with distinct morning and evening fatigue profiles 
[44, 47, 48]. Additional studies are needed to determine common 
and distinct risk factors associated with morning and evening 
fatigue severity that may tie back to the known circadian and 
sleep factors associated with fatigue.

The severity of CRF is not clearly associated with disease or 
treatment characteristics. Separating out the effects of cancer 
itself from the sequelae of cancer treatments on fatigue requires 
further investigation.

No objective test is available to evaluate CRF. Most of the 
research on the mechanisms that underlie CRF has evaluated 
differences in serum markers of inflammation. CRF may involve 
impairments in immune, neuroendocrine, mitochondrial, and 
metabolic function [43, 49]. Exercise is the only effective evi-
dence-based intervention for CRF [50].

Myalgic encephalomyelitis/chronic fatigue 
syndrome (ME/CSF): mechanisms of post-
exertional malaise
People with ME/CFS experience a sensation of fatigue that is not 
alleviated by rest and is accompanied by a reduction in ability to 
engage in normal levels of daily activities. The fatigue is accom-
panied by other core symptoms: cognitive impairment, orthos-
tatic intolerance, unrefreshing sleep, and post-exertional malaise 
(PEM). PEM may be the most specific symptom of ME/CFS in com-
parison to other fatiguing diseases such as cancer or MS. In PEM, 
physical, mental, and/or emotional exertion is followed 8–48 h 
later by a flare of all of these core symptoms, particularly fatigue 
and cognitive dysfunction [51].

A variety of abnormalities are identified in ME/CFS including 
immune activation, autoantibodies of undetermined function, 
redox imbalance, defective energy metabolism, and dysbiosis of 
the gut microbiome; (see two recent review articles [52, 53]).

Attempts to explain the mechanisms of PEM have focused pri-
marily on PEM triggered by physical exertion, using the cardiopul-
monary exercise test (CPET) protocol. CPET assesses the ability of 
the heart, lungs, and muscles to deliver and use oxygen to produce 

energy for work. CPET provides an objective and reliable measure 
of energy production ability. A 2-day CPET protocol provides more 
information about the underlying mechanisms of PEM than a sin-
gle CPET session. The first CPET (CPET-1) measures baseline func-
tional capacity (energy producing capacity), the CPET-2, typically 
completed 24 h after test 1, assesses the effects on functional 
capacity of PEM that was provoked by CPET-1 [54]. This finding 
was confirmed by a recent meta-analysis of five studies [55]. In 
patients with ME/CFS, results from the CPET-2 protocol typically 
include a marked decline in functional capacity in comparison to 
CPET-1 or normative values from healthy individuals. CPET data 
demonstrate abnormal hemodynamic and ventilatory responses 
to exercise and/or abnormally low energy producing capacity in 
patients with ME/CFS compared to normative values for healthy 
people of similar age and gender—particularly a decline in work 
rate at ventilatory threshold [56]. In case-control studies of ME/
CFS, physical exertion was found to produce intense and durable 
fatigue [57], as well as cognitive impairment [58]. Other measures 
of the effects of exercise on ME/CFS patients are elevated in com-
parison to controls. These measures include oxidative stress [59], 
nitrosative stress [60], muscle acidosis [61], lactate elevation [62], 
and central sensitization [63].

Summary of fatigue in sickness and in health
Both normal and pathology-associated fatigue involves disrup-
tions in homeostatic processes—from temperature regulation, 
energy metabolism, and sleep and circadian rhythms to immune 
functions. Fatigue may be a biological protector of physiological 
homeostasis that can be altered in pathological states. Given 
evidence that fatigue can be an adaptive response to normal 
challenges such as hyperthermia, anoxia, and caloric restriction, 
pathological fatigue associated with an underlying disease may 
arise from exaggerated and maladaptive expression of the same 
physiological modifiers of homeostatic processes.

For example, fatigue during physical performance is an adap-
tive response to protect the muscle or the body from damage due 
to hyperthermia. Other inducers of fatigue—such as hypoxia, 
caloric restriction, or sleep loss—can also be considered as adap-
tive responses within a range of physiological conditions and 
functions across varying timescales from diurnal to annual. 
Outside that range, these fatigue-related changes in physiology 
and behavior may be maladaptive. Therefore, a question arises 
as to whether common mechanisms of fatigue exist that could 
be playing a role in a variety of medical conditions. When the 
organism needs to consolidate, rest, or recover, specific behaviors 
may be implemented to re-set the homeostatic states associated 
with energy metabolism. Goal-oriented types of behaviors that 
consume energy may understandably be suppressed.

Theoretical Mechanisms of Fatigue
There are multiple theories on the mechanisms that underly 
fatigue. Common potential mechanisms of fatigue onset and pro-
gression discussed in the workshop included: immune dysfunc-
tion, metabolic dysfunction, interactions between the gut and the 
brain, and abnormal sleep-wake physiology.

The sensory attenuation hypothesis
Anna Kuppuswamy, (University College, London) proposed a 
“sensory attenuation” hypothesis for the pathogenesis of fatigue. 
Fatigue is present when one perceives that a greater effort than 
expected is required to complete a task. Sensory input from a con-
tracting muscle is a source of perceived effort in a physical task. 
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Self-generated muscular contractions of low force characterize 
most activities of daily living. Such self-generated contractions 
activate proprioceptive sensory signals. In most people, these 
signals are down-weighted (“sensory attenuation”) and everyday 
activities feel effortless. In contrast, in patients with fatigue, a 
failure of attenuation occurs and everyday activities feel effortful. 
Both behavioral and neurophysiological experimental evidence in 
people with strokes support poor sensory attenuation as the basis 
of greater perceived effort in physical tasks [64].

Fatigue may be triggered when a person feels overwhelmed by 
sensory stimuli. Normally the brain can switch attention from 
irrelevant distractors to focus attention on a desired task. In 
this case, it is visual, auditory, and other sensory stimuli that are 
down-weighted. It is plausible that the sensation of being over-
whelmed by sensory stimuli arises from a defect in attenuation 
[65]. Resting state studies in stroke, MS, Parkinson’s disease, and 
traumatic brain injury reveal abnormalities in salience network 
activity that indicate reduction in the down-weighting of distrac-
tor signals that interfere with the ability to attend to the task at 
hand.

The immune system and fatigue
Several presenters provided insights into the potential roles of 
immune dysfunction including cytokine production and impair-
ment of energy production through mitochondrial dysfunction in 
fatigue. Ian Lipkin (Columbia University), reported that patients 
with ME/CFS have higher circulating cytokine levels in the first 
three years of illness [66], and impairments in their ability to gen-
erate energy through the mitochondrial tricarboxylic acid (TCA) 
cycle [67–69]. Similarities in clinical features of patients with ME/
CFS and other illnesses associated with fatigue, including seque-
lae of COVID-19 infection, suggest that similarities exist in patho-
physiology [52]. Exploiting opportunities for synergistic research 
efforts across syndromes may lead to important insights.

Maureen Hanson (Cornell University) highlighted evidence of 
altered immune cell function and immune signaling in ME/CFS, 
both from an examination of immunometabolism and signaling 
proteins present in plasma and in extracellular vesicles [70, 71]. 
Several speakers emphasized that infectious agents that trigger 
immune responses lead to fatigue acutely and that the immune 
response promotes the progression to chronic fatigue. Dr. Lipkin 
noted that fatigue syndromes were reported following infection 
with Herpes viruses, Corona viruses, Ebola viruses, West Nile 
virus, the virus that causes Dengue fever, Enteroviruses, Borrelia 
burgdorferi, Mycoplasma pneumoniae, Giardia lamblia, Coxiella, and 
Candida species. Among the theories about fatigue syndromes 
that follow infection is that the fatigue results from an abnormal 
host responses to the infection. Another possibility is that a cryp-
tic chronic infection may generate fatigue and other symptoms.

Mark Davis (Stanford University) discussed immune dysfunc-
tion as it relates to T-cells. He suggested that one cause of fatigue 
may be an infectious disease that gives rise to autoreactive lym-
phocytes that degrade energy metabolism to produce common 
symptoms of fatigue. The existence of this T cell circuitry sug-
gests that modulating the activity of the regulatory cells may 
have a therapeutic effect.

Asya Rolls (Technion-Israel Institute of Technology), presented 
a novel approach to bridge the gap between the evidence that 
immune activity in peripheral tissues affects fatigue, yet, the feel-
ing of fatigue, is generated by the brain. How does the brain detect 
and represent the state of the immune system? She discussed 
how body awareness, also known as interoception, enables the 
organism to detect sensory inputs representing the condition of 

the body (such as hunger, pain, hypoxia, and potentially fatigue) 
and to execute corrective responses to maintain homeostasis. 
The brain, and specifically the insular cortex, a site of intero-
ception [72–74], receives multiple layers of information from the 
body (e.g. tissue damage, metabolism, temperature,.), that it can 
integrate with other sensory (e.g. hunger, thirst, hedonia) and cog-
nitive inputs (e.g. potential threats in the environment, past expe-
riences) to trigger a corrective response. Changes in insula activity 
were associated with fatigue in patients with autoimmune dis-
ease74 and immune reactions are registered by the insula in mice 
as well as in humans. The insula neurons project to autonomic 
nervous system control sites (dorsal motor nucleus of the vagus, 
rostral ventrolateral medulla). Remarkably, activation of these 
insular neurons can modulate peripheral immune responses. In 
addition, inhibition of the insular cortex alleviates inflammation 
in a murine inflammatory colitis model [75], suggesting a psy-
cho-somatic interaction. Given the associations between fatigue 
and inflammatory conditions, it is plausible that “immunocep-
tion” may contribute to the generation of fatigue.

Gut-brain axis in fatigue
Dragana Rogulja (Harvard Medical School) discussed how gut oxi-
dation is a major consequence of sleep loss. Experimental manip-
ulations in Drosophila can eliminate the homeostatic response 
to sleep deprivation [76], but not the consequences of sleep loss 
observed in the gut [77].

Gerard Clarke, (University College, Cork) noted that the micro-
biota-gut-brain axis regulates behaviors and physiology relevant 
to fatigue and that this effect is possible via microbial regulation 
of the brain circuits involved in reward and motivation [78, 79]. 
Plausible biological pathways underpinning these observations 
relate to the interface between neuroinflammation and trypto-
phan metabolism [80]. The elaboration of mechanisms, transla-
tional research efforts, and the establishment of causality holds 
potential for the incorporation of microbial-based interventions 
into the management of fatigue. Both Drs. Lipkin and Hanson 
found that ME/CFS patients had a decrease in butyrate-produc-
ing bacteria in their gut [81, 82]. Dr. Hanson pointed out that the 
loss of these bacteria is common to a number of chronic illnesses.

The metabolic trap hypothesis
Ron Davis (Stanford University) described a “metabolic trap” 
hypothesis that could explain the energy deficiency in ME/CFS 
and perhaps other chronic fatigue conditions. This hypothesis 
focuses on the enzyme IDO1 that catalyzes the conversion of 
tryptophan to kynurenine. Kynurenine is an important contrib-
utor to the production of NAD, that is critically involved in pro-
duction of ATP. IDO1 has the unusual property of being inhibited 
by high levels of its reactant, tryptophan. Normally, an enzyme is 
facilitated by high levels of its reactant, therefore, in this unusual 
metabolic trap situation, high levels of tryptophan shut down the 
enzyme and the production of kyurenine. Shutting down kyure-
nine production, due to its effects on NAD levels, may compro-
mise energy metabolism.

Brain energy metabolism
Pierre J. Magistretti (King Abdullah University of Science and 
Technology) noted that neuronal metabolism depends on a 
unique energy source—lactate—supplied to the neurons from 
astrocytes [83]. Therefore, mental fatigue may result from insuf-
ficient lactate produced by astrocytic aerobic glycolysis to feed 
the neuronal mitochondria activity. In addition, lactate func-
tions both as an energy substrate and as a signaling molecule 
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for long-term memory consolidation and its cellular substrates 
[84], and is involved in depression [85], and sleep regulation and 
possibly in ME/CFS.

Summary of theories for mechanisms of fatigue
A discussion occurred on whether targeting individual cytokines 
would be useful. While it was recognized that anti-TNF and 
anti-alpha interferon treatments can affect sleep patterns and 
may improve fatigue in some conditions (Andrew Miller, Emory 
University), many human conditions are complex with multiple 
pathways being activated. Therefore, targeting single cytokines 
may not have the desired effect as was observed with sepsis 
(Mark Opp, University of Colorado, Boulder).

The issue of autoreactive T and B cells was discussed. It was 
suggested that single cell sequencing may allow identification of 
the specific T and B cell receptors and help to identify the reac-
tive antigen. Repeated infections may lead to the development 
of autoreactive immune cells in some individuals (Mark Davis, 
Stanford University). The duration of the illness may dictate the 
immune response, which may differ in the early versus the late 
phase of the illness. This phenomenon can be studied in the post-
acute sequel of SARS-CoV-2 infection patients (Nancy Klimas, 
Nova Southeastern University). Prolonged duration of an immune 
disorder may lead to epitope spreading and energy failure among 
other things (Mark Davis). It is possible that the pathophysiol-
ogy of fatigue in autoimmune conditions and cancer, in which a 
much stronger association exists between immune abnormalities 
with fatigue, are different from those in ME/CFS, where the link 
is weaker.

Fatigue as a Component of Sickness 
Behavior
An approach to study fatigue circuits in the brain, and the mole-
cules that activate them, starts with the observation that fatigue 
is observed across a wide spectrum of diseases that involve some 
degree of immune system activation. Examples of immune sys-
tem activation-associated conditions include infection, multiple 
sclerosis, cancer, depression, ME/CFS, and rheumatoid arthritis. 
Currently, how (and where) in the brain peripheral immune acti-
vation is sensed involves animal models and some human stud-
ies. Although fatigue, as a subjective symptom, cannot be directly 
studied in animals, it is possible to study sickness behavior, that 
is correlated with fatigue. Sickness behavior can be induced by 
injecting bacterial cell wall components or by studying mice 
bearing tumors [86], or ones with infectious disease [87]. Sickness 
behaviors in humans and other animals is a constellation of 
behaviors including reduced movement, reduced feeding/eating, 
anhedonia, and social withdrawal [88]. The translatability of sick-
ness behavior provides a unique way to study fatigue in humans 
and animals.

Julie Lasselin (Stockholm University) and Andrew Miller 
(Emory University) set the stage for the human work by discuss-
ing the effects of immune cell activation on fatigue in humans. 
Lasselin uses the bacterial cell wall component lipopolysaccha-
ride (LPS) to activate an acute immune response and induce 
sickness behavior in otherwise healthy human volunteers. 
Advantages of this LPS model include its defined time course 
of sickness and its inherent translatability to animal models of 
fatigue [89]. A cognitive task that appears affected in fatigued 
individual is the “Effort Expenditure for Reward” task. In this 
task participants are offered a choice between engagement in 
a low effort/low monetary reward task and in a high effort/high 

monetary reward task. Fatigued individuals due to LPS injection 
showed an increased willingness to expend more effort to receive 
more reward [90], while a decrease in incentive motivation was 
found in another study using the same model but a different task 
[91]. This highlights the role of contextual factors in adaptive, 
physiological fatigue induced by inflammation. Andrew Miller 
(Emory University) reviewed studies demonstrating an associa-
tion between the inflammatory cytokine interferon alpha (IFN-α) 
and fatigue [92], LPS and fatigue [93], and typhoid fever vaccine 
and fatigue [94]. Neuroimaging studies of participants perform-
ing a hedonic gambling task showed reduced ventral striatum 
activation following IFN-α injections and the induction of fatigue. 
IFN-α treatment was associated with reduced striatal dopamine 
release in non-human primates. In addition, functional MRI evi-
dence suggests that connectivity of motivational circuitry was 
decreased in the setting of systemic inflammation. He specu-
lated that inflammation in the brain affects neural circuits that 
mediate the willingness to expend effort for reward. Increased 
metabolic demands of an activated immune system may be com-
municated to subcortical brain structures such as the striatum, 
resulting in reduced exploratory behavior.

Robert Dantzer (MD Anderson) suggested studying fatigue 
behavior in animals by assessing two aspects of fatigue; First, 
reduced physical activity aspect of fatigue can be operationalized 
as a reduced willingness to participate in effortful activity. In prac-
tice, this effect can be assessed by measuring rodent voluntary 
wheel running activity (VWRA). Second, the motivational aspect 
to fatigue may reflect the reduced effort for perceived reward. In 
rodents, motivational change can be captured by measuring the 
degree that a rodent is willing to work to earn reward using a pro-
gressive ratio schedule of effort for food reward. Dantzer showed 
that the effects of systemic inflammation caused both reduced 
VWRA and reduced motivation for reward, therefore, the effects 
of an implanted tumor only reduced VWRA and not motivation 
for reward [86].

John Salamone (University of Connecticut) discussed another 
behavioral assay in which the rodent makes a choice between 
low effort/low reward and high effort/high reward. He summa-
rized data suggesting that dopaminergic neurotransmission is 
required for the high effort/high reward choice. Tetrabenazine, 
a drug that depletes dopamine by blocking vesicular storage 
induces fatigue in humans and can be studied for behavioral 
effects in rodents. Dr. Salamone summarized data suggesting 
that tetrabenazine specifically affects the willingness of the ani-
mals to work for food and does not affect hedonic aspects of food 
choices [95]. The effort-related work for reinforcement assay can 
be used to study the pharmacology of fatigue. He presented data 
on the effects of cytokines, as well as drugs that affect dopamin-
ergic and adenosinergic neurotransmission (A2A receptor antag-
onists), on the decision by rodents to exert physical effort to get 
a reward [96].

Mark Opp (University of Colorado, Boulder) suggested that 
infection may trigger fatigue and its progression. He described 
features of mice infected with murine gamma herpes virus 68 
(γHV68) that makes them a useful model for fatigue. The impact 
of γHV68 infection in mice on physiology and behavior differs 
between the acute, infectious period in the lung and chronic 
infection in the spleen. During the acute stage, VWRA is reduced 
and Non-REM sleep is increased. However, these changes are not 
characteristic of the chronic stage (latent infection). However, 
LPS challenge during the chronic infection stage produces a pro-
foundly exaggerated behavioral response. These mice seem to 
manifest the behavioral correlates of fatigue.



Raizen et al.  |  7

Two recent publications using mice identified neurons in the 
hypothalamic ventral medial preoptic area (VMPO) [97], and the 
brain stem area postrema [98], that are activated by LPS and 
orchestrate some components of sickness behavior. These neu-
rons serve as hubs to integrate immune signals and orchestrate 
multiple sickness symptoms in response to infection [97]. The dis-
covery of these nuclei in mice may help to understand the linkage 
between inflammatory markers and fatigue.

Since sickness behavior is conserved across all animals, it is 
possible to study this behavior in invertebrates, which offer the 
ability to perform rapid genetic manipulations and use unbi-
ased genetic discovery approaches. David Raizen (University of 
Pennsylvania) discussed converging research using Drosophila 
melanogaster [99], and Caenorhabditis elegans [100], that demon-
strated key roles for anti-microbial peptides (AMPs) as signals to 
the brain to induce sleep behavior during sickness. The C. elegans 
research demonstrated that 17 distinct AMPs must be simultane-
ously eliminated before a defect in sickness behavior is detected 
[100]. This high degree of genetic redundancy speaks to the evo-
lutionary importance of sickness behavior. Recent research led to 
the identification of central nervous system peptidergic neurons 
that play key roles in sickness behavior in invertebrates [101, 102].

Kelly Drew (University of Alaska) presented another ani-
mal-model based approach for understanding fatigue by studying 
the biology of hibernation. Hibernation is an energy-conserving 
adaptive behavior. She proposed that fatigue may limit physical 
and mental energy to serve a metabolic function in the setting 
of resource limitation. Although humans do not hibernate, they 
do sleep longer during the winter [103]. She discussed the role 
of adenosine signaling in the regulation of hibernation and sug-
gested that the role of purinergic signaling and metabolic changes 
in general should be studied in relationship to fatigue. She men-
tioned that tanycytes lining the brain ventricles may play a role 
in fatigue since they are positioned to regulate body–brain com-
munication. It is of interest that a “torpor nucleus” has been iden-
tified in mice [104–106].

Neuroanatomy of Fatigue
In contrast to studies in mice, our understanding of the neural 
circuits mediating the sensation of fatigue in humans remain 
poorly described. One approach to identify the brain region(s) 
that play a role in human fatigue involves the analysis of patients 
who experienced discrete brain lesions such as those who have 
had a stroke, MS, Parkinson’s disease, and/or traumatic brain 
injury (TBI). The thalamus, basal ganglia, and frontal and parietal 
lobes, that subserve aspects of attention, are considered areas of 
interest and data exist to support their role in fatigue [107, 108]. 
The lesion-based approach for understanding fatigue circuitry 
has not been productive. Fatigue in neurological/neurovascular 
diseases is not explained by disease severity, lesion location, neu-
roinflammation or motor and cognitive deficits [109, 110].

A second approach to understanding the neural circuitry of 
fatigue is the use of functional neuroimaging approaches. The 
use of fMRI has revealed that brain regions implicated in fatigue 
include the striatum, the dorsolateral prefrontal cortex (DLPFC), 
the anterior cingulate cortex (ACC), the ventro-medial prefron-
tal cortex (vmPFC) and the anterior insula [111]. The existence of 
this network of fatigue-related areas supports the importance of 
interoception (the insula), motivation and reward (the striatum 
and vmPFC), and cognitive control (DLPFC) in fatigue. Research 
needs to assess connectivity between these regions. In addition, 

the thalamus, basal ganglia, and frontal and parietal lobes 
sub-serving aspects of attention are considered areas of interest, 
with data to support a role in fatigue [107, 108].

Jarred Younger (University of Alabama at Birmingham) dis-
cussed functional neuroimaging tools used to study fatigue in 
healthy and in clinical populations. These tools include positron 
emission tomography (PET), magnetic resonance spectroscopy 
(MRS), and diffusion tensor imaging (DTI). Arterial spin labeling 
(ASL) is a form of fMRI that can show abnormal hypoperfusion 
or hyperperfusion. Pharmacological MRI (phMRI), which involves 
administering intravenous drugs during fMRI imaging, can reveal 
CNS mechanisms of drug action.

Hugo Critchley (University of Sussex) discussed psychomotor 
slowing as a behavioral proxy for fatigue. Psychomotor slow-
ing involves motor (e.g. reduced activity), speech (e.g. reduced 
speech production), and cognition (e.g. increased reaction time 
on cognitive tasks) behaviors. Neuroimaging studies implicate the 
anterior insula in the interoception of somatic autonomic states 
[112]. Following typhoid fever vaccination, which causes systemic 
inflammation, anterior insula activity is correlated with changes 
in fatigue score changes [94]. Critchley speculated that the sys-
temic inflammation could be communicating with the brain via 
the vagal nerve and/or via cytokine action in circumventricu-
lar organs. In contrast, reaction time slowing, which was corre-
lated with levels of the pro-inflammatory cytokine interleukin 6, 
was associated with reduced activity of the substantia nigra as 
assessed with fMRI.

Glenn Wylie (Kessler Foundation) discussed networks of 
fatigue-related areas of the brain. Using a task to induce the 
fatigue state in people with MS, they found fMRI evidence of 
activation of the anterior insula, the ventro-medial prefrontal 
cortex, the dorsolateral prefrontal cortex, and the ventral stria-
tum. Activation of these same brain regions was associated with 
fatigue in other conditions. Fatigue also affected structural con-
nectivity [113] and functional connectivity [114] between these 
areas.

Patrick Fuller (University of California, Davis) and Christelle 
Anaclet (University of California, Davis) focused on understand-
ing the neural circuitry that controls sleep and wake. Virtually 
every aspect of an animal’s physiology is regulated by the hypo-
thalamus. Therefore, it is a plausible hypothesis that fatigue 
involves hypothalamic circuits. Interestingly, the posterior hypo-
thalamus makes extensive anatomical connections with the 
anterior insula discussed above. Viral- or experimental-induced 
lesions restricted to the posterior hypothalamus/supramammil-
lary region produce marked reductions in the level of arousal 
[115]. If it is possible that a reduced level of arousal contributes 
to fatigue or is a manifestation of fatigue; further investigation of 
the underlying role of this hypothalamic arousal circuitry is war-
ranted. Studies implicate GABAergic neurons in the parafacial 
zone as strongly sleep-promoting. In addition, the brain stem’s 
involvement in sleep regulation suggests that it may be involved 
in fatigue. When the parafacial zone is experimentally activated, 
the resulting slow-wave sleep can reverse certain deficits asso-
ciated with aging and neurodegeneration. Whether a similar 
manipulation can treat fatigue and non-refreshing sleep (such as 
that observed in ME/CFS) remains unknown.

While most work associated with neural correlates of fatigue 
has centered on neuronal populations, glia are understudied in 
relation to fatigue. Microglia serve multiple functions: they are 
the resident immune cells of the CNS and play a role in sculpt-
ing and pruning synapses. Microglia are dysregulated in most 
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neurological and neuroimmune disorders such as MS [116, 117]. 
Astrocytes are vital to energy homeostasis and control of neu-
ral excitability and waste clearance throughout the brain [118, 
119]. Oligodendrocytes, the cells that produce myelin, that is 
necessary for proper neural conduction and metabolic support 
of axons, are commonly dysregulated in fatigue-associated dis-
orders like MS [120].

The brain glymphatic system may be involved in mediating 
fatigue. This system was shown to facilitate macromolecu-
lar toxin clearance from the sleeping brain [121, 122]. Maiken 
Nedergaard (University of Rochester) showed the relationship 
between tracer spread in the brain and the spectral power in 
delta EEG frequencies. Anesthetics that cause the highest delta 
power (e.g. ketamine/xylazine), promote the greatest tracer 
spread. Her group found that NREM sleep is characterized by 
oscillatory increases in the vasoconstrictor, norepinephrine 
[123], and speculated that slow vasomotion is a key driver of 
glymphatic waste clearance based on human neuroimaging 
studies [124]. These data supported the hypothesis that one rea-
son fatigued individuals such as those with ME/CFS complain 
of non-refreshing sleep is both that the refreshing part of NREM 
sleep and glymphatic clearance is impaired. Such a hypothesis 
is potentially testable in pre-clinical and clinical studies by com-
bining glymphatic manipulations with measures of cognitive 
functions.

Laura Lewis (Boston University) showed evidence for coupling 
among neural activity, brain metabolism, and CSF fluid flow dur-
ing sleep [125]. She suggested that multiple mechanisms exist 
by which CSF dynamics and waste clearance may be impaired 
including disruption of neural, glial, vascular, and fluid dynamics 
[126] that may contribute to non-refreshing sleep.

General Discussion and Promising Future 
Directions
During the discussion period, several suggestions were made for 
future research. While post-acute sequelae of SARS-CoV-2 infec-
tion (PASC) is a devastating consequence of the SARS-CoV-2 infec-
tion, it represents an opportunity to study the pathophysiology of 
fatigue, because these patients experience a defined viral infec-
tion and can be followed from the acute infectious phase to the 
chronic post infectious phase. Host responses can be more easily 
discerned. This condition provides an opportunity to address the 
question of a persistent viral infection that may be driving host 
immune responses. Direct comparisons can be made between 
PASC patients and patients with ME/CFS, Gulf War illness, and 
chronic Lyme disease. Are there biological variables that predict 
fatigue in long COVID-19 patients?

Other discussion points included: (1) understanding mecha-
nisms for sex differences in fatigue; (2). understanding non-re-
freshing sleep, that may illuminate both our understanding of 
fatigue as well as our understanding of sleep function; (3) the role 
of metabolism, and in particular immunometabolism in fatigue; 
and (4). the role of particular metabolites such as lactate in sign-
aling in both muscle and in the brain warrants further study. The 
workshop participants identified the following areas for future 
research:

Instruments to measure the sensation of fatigue
It would advance research if investigators studying the self-re-
ported sensation of fatigue could agree on the use of a small 
number of standardized instruments for this purpose. The 

instruments would distinguish the various attributes of the sen-
sation of fatigue such as an inability to initiate movement, a lack 
of drive to act, a perception of exaggerated effort. Each of these 
attributes may turn out to have different biological causes and 
may benefit from different therapies. Having standardized instru-
ments would enable comparison between fatigue and fatiguabil-
ity in different diseases and in different studies.

Biomarkers of mechanisms for the sensation of 
fatigue
Further research is needed to identify biomarkers and mecha-
nisms associated with the different attributes of the sensation of 
fatigue. The associations may include neuronal network changes, 
as well as genetic, biochemical, immunological, microbiomal, and 
metabolic alterations that could be detected with omic-based 
approaches. Work in pre-clinical animal models may facilitate 
the identification of these biomarkers.

Identifying common mechanisms
Studies are required to compare and contrast similarities and 
differences in self-reported attributes of fatigue, biomarkers, and 
mechanisms associated with these attributes, in healthy people 
and those with various disease states.

Understanding mechanism of physiological 
neuromuscular fatigability
Improving our understanding of normal fatigability will lead to a 
better understanding of pathological fatigability and pathological 
fatigue.

Developing animal models to study observable 
correlates of fatigue
Development of novel animal models and continued use of ani-
mal models currently used in biomedical research (including 
mice, zebrafish, fruit flies, and round worms) would be powerful 
for genetic manipulations and neural circuit analysis.

Determining risk factors for, and prediction 
models of, fatigue
Determining risk factors for fatigue and predictive indicators of 
fatigue will require the collection of additional data about biopsy-
chosocial variables, past and current medical history, and other 
factors, along with the instruments to assess fatigue and vari-
ous biomarkers linked to fatigue. Appropriate study populations 
should be recruited. Both longitudinal and cross-sectional proto-
cols should be conducted.

Determining the underlying mechanisms for 
inter-individual variability in fatigue severity
A variety of molecular mechanisms within the peripheral and 
central nervous systems may contribute to inter-individual var-
iability in the sensation of fatigue. These mechanisms warrant 
evaluation across chronic conditions.

Distinguishing perception from motivation
Perception and the processing of sensory signals in those regions 
of the brain that first receive the signals are largely ignored in the 
study of fatigue. This area of research is important because such 
first-order sensory processing influences further downstream 
processing, including motivation and motivated behavior—and 
motivated behavior is linked to fatigue. This work should be done 
in multiple study populations.
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Distinguishing acute vs. chronic fatigue
While common mechanisms underly fatigue across conditions, it 
is probable that acute and chronic fatigue have different mecha-
nisms. For example, acute fatigue is often related to high levels of 
inflammation and demotivated behavior. In contrast, this mech-
anism does not appear to be true for the chronic fatigue experi-
enced by patients with neurological diseases.

Use of new technologies to study fatigue
New technologies such as ambulatory EEG and wearable tech-
nology to monitor autonomic function and activity should be 
deployed in multi-day studies of various conditions characterized 
by fatigue in multiple populations.

Understanding interoception
An improved understanding of how the brain represents inter-
nal states such as sleepiness, hunger, hypoxia, thirst, and others 
would advance our understanding of how the brain represents 
fatigue in adaptive and pathological states. This research should 
be done in different populations.

Measurements of changes in the brain that are 
associated with improvement in fatigue
Another way to understand the underlying mechanisms of 
fatigue is to identify changes in the brain that are correlated 
with improvement from various therapies: yoga, mindfulness, 
cognitive behavioral therapy, meditation, adaptation of energy 
conservation techniques, techniques that help individuals to 
develop an increased sense of control over their immediate sit-
uation, pharmaceuticals and other interventions. This should be 
done in different populations and in acute and chronic fatigue 
conditions.

Concluding Remarks
Fatigue research has not yet established itself as a distinct field 
of scientific inquiry. A large number of researchers are studying 
fatigue from different theoretical and experimental perspectives. 
Therefore, insights gained from this workshop should provide a 
foundation for continued research efforts on understanding the 
biology of fatigue.

BOX 1: DEFINITIONS

Fatigue: a person-reported internal state.
Physiological fatigue: an internal state that prevents over-ex-

ertion and allows re-allocation and restoration of energetic 
resources. Physiological fatigue is alleviated by rest and/or sleep. 
Examples: fatigue due to physical activity, mental effort, sleep 
deprivation, infection.

Pathological fatigue: Pathological fatigue that is not elimi-
nated, though may be partially alleviated, by rest and/or sleep 
(non-restorative sleep). Examples: fatigue in ME/CFS, rheumato-
logical disease, multiple sclerosis, Parkinson’s disease, PASC.

Fatigability: an externally measured decline in performance 
(neuromuscular or mental) with time. Examples: Weight lifting, 
running, psychomotor vigilance task, wakefulness.

Sickness behavior: Physiological, adaptative response to 
sickness or injury. Responses can include social withdrawal, 
reduced feeding, hyperalgesia, anhedonia, and increased sleep. 
Example causes: trauma, chemotherapy, bacterial or viral 
infection.
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