Fatigue in inflammatory rheumatic diseases: Current knowledge and areas for future research
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Abstract

Fatigue is a complex phenomenon and a significant health concern for many people with inflammatory
rheumatic diseases, such as rheumatoid arthritis, psoriatic arthritis, primary Sjogren’s Syndrome, and systemic
lupus erythematosus. Although some trials have shown the benefits of fatigue self-management, the effect is
relatively modest and no curative treatment has been identified and the pathogenesis of fatigue remains
unclear. Despite many challenges and limitations, there is a growing body of research into the role of the
immune system, the central and autonomic nervous system as well as the neuroendocrine system in the
induction and maintenance of fatigue in chronic diseases. New insights have also been gained on how sleep,
genetic susceptibility, metabolic disturbances, and other biophysiological mechanisms may contribute to
fatigue. Furthermore, advances have been made in better understanding of the relationships between various
psychosocial factors and fatigue. However, the interrelationship between these diverse mechanisms and
fatigue remains poorly defined. In this review, we outline various biophysiological and psychosocial
determinants of fatigue in inflammatory rheumatic diseases. We then propose mechanistic and conceptual
models of fatigue to summarise current understanding, stimulate debate and support the development of

further research ideas.
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Introduction

Inflammatory rheumatic diseases (IRD) are a group of multi-system, immune-mediated rheumatic conditions
such as Primary Sjogren’s Syndrome (pSS), Systemic Lupus Erythematosus (SLE), vasculitis, Psoriatic Arthritis
(PsA) and Rheumatoid Arthritis (RA)(1). Although the clinical manifestations of IRD vary, fatigue is often a

prevalent and disabling symptom in many IRD(2).

Patients with IRD have identified fatigue as one of the most challenging symptoms to cope with(3) and
manage, as well as associated with poor quality of life(4). It is also a highly prevalent experience and an
international study of >6,000 patients found that one out of every two was severely fatigued, defined as

scoring <35 on the SF-36 Vitality Scale(1).

Fatigue is also an important independent predictor of job loss and disability in patients with RA, ankylosing
spondylitis, SLE, pSS and vasculitis(5-9). Considering the widespread personal impact of fatigue and its health
economic burden, discerning the underlying mechanisms and finding effective treatment are priorities. We
have taken a biopsychosocial approach(10), systematically considering biological, physiological, psychological,

and social factors and their complex interactions in understanding fatigue mechanisms.

The challenges of fatigue research

Fatigue is a complex, multifaceted phenomenon and there are many challenges in fatigue research which limit
our current understanding (Box 1). Conceptually, there is the question of defining fatigue. Most people have
experienced fatigue during their everyday life, but qualitative research on fatigue associated with chronic

Ill

diseases (referred to as “pathological fatigue”) suggest that it is different from their “usual” premorbid fatigue
experience. The most distinguishing features include perceiving the fatigue to be unearned, a lack of

improvement with rest, variability in severity, unpredictability, and fatigue being more

profound/overwhelming(11, 12). Patients often explain their fatigue in relation to the extensive impact that it
can have on all aspects of their daily lives(13). Such findings suggest that “pathological fatigue” maybe driven

|n

by different mechanistic pathways to the “usual” fatigue experienced in healthy individuals, although the

mechanisms of both “types” of fatigue remain poorly defined. A related consideration is whether fatigue



associated with different chronic conditions (e.g. RA, fibromyalgia, inflammatory bowel disease, Parkinson
Disease, cancers, etc) are similar phenomenon. Studies have shown that the quality of perceived fatigue is
similar across different chronic diseases (which included both inflammatory and non-inflammatory
conditions)(14, 15). Studies in different diseases have also identified similar “predictors” for fatigue (Box 2).
Furthermore, fatigue correlates poorly with disease activity of the underlying conditions. These observations
suggest that fatigue may be the same phenomenon across different chronic conditions. Here, we focus our
discussion on “pathological fatigue” associated with IRD. For simplicity and readability, the term “fatigue” is

used.

Another challenge is how to measure fatigue accurately and reliably. Fatigue is inherently a subjective
phenomenon and assessment relies on the use of standardised questionnaires. Many fatigue questionnaires
have been developed, and there are several factors to consider when selecting a measure(16). These include
generic versus disease-specific, single item versus multi-item, and instruments that provide a single overall
score (usually for level/severity of physical fatigue) versus instruments that provide sub-scale scores for
different fatigue domains (e.g., physical, cognitive, emotional). The number of questionnaires in use and the
lack of an agreed gold standard means that comparisons across studies are difficult(17). Conceptual and
psychometric issues include differing recall periods, variation in wording between questionnaires and the lack
of defined cut-off value for cases for most of them. Moreover, these questionnaires poorly capture the
variability of the fatigue. Finally, patient reported outcomes are prone to recall bias and other psychosocial
influences. Objective assessment of fatigue, if available may overcome some of these issues, although we

recognise the importance of capturing patients’ perceptions alongside to aid interpretation of the outcomes.

Other barriers to fatigue research include how to address potential confounders of fatigue, and the lack of

information on pre-morbid fatigue state.

Putative mechanisms implicated in fatigue

“Look and you will find it - what is unsought will go undetected.” - Sophocles (496-406 BC), classical Greek

writer



Many biophysiological and psychosocial mechanisms have been implicated in fatigue pathogenesis (Figure 1).
However, the cross-sectional nature of many of the studies makes establishing causality and directionality a
challenge. Furthermore, complex interactions exist between many of these mechanisms. Therefore, it is likely
that several (if not all) of these mechanisms are in operation with the relative contribution of each mechanism
differing between patients and potentially within patients, over time. It is therefore important that support for
fatigue is tailored to individuals and involves exploration possible drivers. A systematic review of factors
associated with fatigue identified a cluster of variables that should be considered as potential maintaining
factors, including psychological and physical functioning, pain, sleep disturbance and depression and

anxiety(18).

Due to the vast number of published articles mentioning “fatigue”, and the challenges we mentioned in
drawing comparisons between different research studies on fatigue, we have not performed a comprehensive,
systematic literature search. The findings discussed in this review represent our interpretation of the relevant
evidence in the literature. In addition, there have been several excellent recent reviews on the role of
inflammation and the brain in fatigue pathogenesis (19-22), we want to use the limited space to include
discussion of other potential contributing mechanisms of fatigue that currently do not receive much attention.
We hope that this will generate further discussion and debate among the research community, which in turn

bring further advance in fatigue research.

Bio-physiological mechanisms

Immunological mechanisms

Inflammation is arguably the most studied mechanism of fatigue. The “sickness behaviour” model in animals
and in man have provided not only strong evidence for inflammation-induced fatigue but also revealed
potential molecular basis. In this model, fatigue is an adaptive immune-mediated response by vertebrates to
enhance survival from infection, with the production of type linterferons and other pro-inflammatory
cytokines contribute to sickness behaviour which can include fatigue, anhedonia, social withdrawal and
depression(23). Energy expenditure is reserved for the immune system and social withdrawal prevents further

disease spread and reduces risk from predators when their health is impaired(24).



There is a large body of data demonstrating the links between inflammation and fatigue in IRD and it is a
subject of regular review in the literature (5, 19, 20, 25). However, how far the acute sickness behaviour model
and inflammation explain fatigue in chronic IRD remains unclear. This is because if inflammation is the only
driver of fatigue, one would expect a strong correlation between fatigue levels and pro-inflammatory
cytokines and disease activities, that fatigue should improve with immuno-modulatory treatment and subside
when the underlying IRD is in remission. However, although circulating levels of pro-inflammatory cytokines
are typically elevated in IRD compared to healthy controls and non-inflammatory rheumatic disease(26, 27),
higher circulating levels of these cytokines do not necessarily associate with worse fatigue. Several studies in
pSS even revealed an inverse relationship between fatigue severity and circulating levels of pro-inflammatory
cytokines (IP-10, TNFa, LTa and IFNy), and such inverse relationships between these pro-inflammatory
cytokines and fatigue, together with depression and pain, were key predictors of fatigue in a multi-regression
model(26, 28). Similarly, an inverse relationship between interferon activation and fatigue was observed in
pSS(29, 30). In addition, using gene set enrichment analysis of the genome-wide transcriptomic data of 133
pSS patients, 19 biological pathways were found to be associated with fatigue, but none was overtly

inflammation-related(31).

In IRD, while fatigue often accompanies disease flare(21), there is no consistent relationship between fatigue
and validated disease activity scores (32-37). In particularly, a significant proportion of patients with IRD
continue to experience disabling fatigue despite seemingly in clinical and biological remission(37). Conversely,

a small proportion of patients do not experience fatigue despite having active disease(29, 36).

Regarding the relationship between fatigue and immuno-modulatory treatments used in IRD, a Cochrane
review summarising the interventions for RA with fatigue either as a primary or secondary outcomes has been
published (38). A meta-analysis of these studies demonstrated that both anti-TNF biologics and non-anti-TNF
biologics led to a statistically significant reduction in fatigue in patients with active RA compared to controls.
Most studies in RA utilised TNF-targeting therapies, other therapies include rituximab, tocilizumab,
canakinumab, abatacept and anti-IFN-y with most trials running for 24 weeks or less. The improvement was
similar for both anti-TNF and non-anti-TNF therapies. It is, however, unclear as to whether fatigue
improvement was a direct result from reduction in disease activity and inflammation, or indirectly via another

mechanism such as pain(35) It should be noted that participants in these trials had a high level of disease



activity and fatigue was measured as a secondary outcome and little adjustment was made for confounding
factors in the included trials. Furthermore, many RA patients continue to experience disabling fatigue despite

no demonstrable synovitis or systemic inflammatory responses(37)(38).

In SLE and pSS, the clinical trial data on the effect of immune-modulating therapies on fatigue were
inconsistent. For example, four out of seven trials of rituximab showed a significant reduction in fatigue(39-
41), two studies showed a mild improvement only at certain time points(42, 43) and one study showed no
effect(44). A phase 2 trial of RSLV-132 (a fusion protein of RNase-IgG) in pSS showed improvement in fatigue.
Intriguingly, improvement of fatigue was accompanied by increase in IFN modular scores(30). In SLE, the initial
trials of belimumab (BLISS-52 and BLISS-76) measured fatigue as a secondary outcome using SF-36(45, 46). In
the post-hoc analysis, significant improvements from baseline were demonstrated in the 10mg/kg group
compared to placebo in BLISS-52, but not BLISS-76(47). In a longer trial, regular belimumab treatment over six
years led to a reduction in fatigue scores(48). Interestingly, fatigue levels rose initially with belimumab,

suggesting that sustained therapy may be needed to see improvement.

Overall, these observations indicate a complex relationship between fatigue and disease activity of the
underlying condition, and the relationships between pro-inflammatory responses and fatigue in IRD remain to
be fully defined. Inflammation likely plays a key role in initiating fatigue response, particularly at early stages
of the disease and during disease flares. However, the evidence for systemic inflammation in the maintenance
of fatigue in chronic disease is less clear. In some individuals, it might not be an important factor and
additional mechanisms are needed. Consistently, it has been reported that following interferon-a therapy for
treatment of hepatitis C, some patients continued to experience fatigue even six months after completing the

treatment when interferon-a is no longer present(49).

Arguably, fatigue that is closely correlated to underlying disease activity and/or systemic inflammation is of
less clinical and scientific importance, as such fatigue should improve when the underlying disease is treated or
when systemicinflammation is suppressed. In contrast, it is fatigue that dissociates with disease activity being
the conundrum clinicians, scientists and pharmaceutical industry is facing and represents the largest health

economic burden and unmet need to the patients and society.



Central Nervous System (CNS)

Several characteristics of fatigue point to the potential involvement of the CNS. For instance, symptoms such
as perceived cognitive impairment and lack of motivation are common among fatigued patients(50).
Furthermore, CNS may contribute to muscle fatigue during exercises through reducing the neural drive to the

muscles(51).

Korte and Straub have published an excellent review recently on how inflammation may alter neurochemistry
and functional connectivity in the brain which in turn may contribute to fatigue(22), which offers an extensive
review on this topic. Bidirectional communications between the immune system and the brain are mediated
by multiple signalling pathways(23, 52). Circulating pro-inflammatory cytokines may lead to microglia
activation in the brain(53). This could be achieved through direct transfer of cytokines across the blood brain
barrier via various mechanisms (receptor-mediated transcytosis, leakage across damaged tight junction or
circumventricular organ), or indirectly via other pathways, such as activated vascular endothelial cells or the
vagus nerve (Figure 2A). Pro-inflammatory activities in the brain in turn results in several changes. Firstly, the
release of the neurotransmitter noradrenaline, which is important for increasing arousal, alertness and
attention, is inhibited. Secondly, the uptake and breakdown of monoamines (serotonin, dopamine and
noradrenaline) is increased, reducing their availability in the synaptic cleft(22). Thirdly, tryptophan-2,3-
dioxygenase and indoleamine-2,3-dioxygenase (IDO) which promote tryptophan (TRP) into the kynurenine
(KYN) metabolic pathway, is increased. The metabolites of the KYN pathway further induce local inflammation
in the brain. In a rat model where central fatigue was induced, metabolites of the KYN pathways were found in
presynaptic neurons of the hypothalamus, hippocampus, and cerebral cortex(54). In SLE and RA, KYN pathway
activation and elevated KYN/TRP ratios have been reported and correlated with fatigue (55, 56). However, in
another study, peripheral levels of IDO-1 mRNA levels were similar between fatigued and non-fatigued PSS
patients(57). TRP also acts as a precursor for serotonin synthesis. Therefore, TRP depletion may result in
decrease in serotonin, which play a key role in mood and cognitive functioning. However, in SLE, TRP
metabolism correlated with fatigue but not depression(55). Increased plasma KYN levels were associated with
exhaustion of athletes and correlated with worse fatigue and depression scores in haemodialysis patients (58,
59). However, in a study of hepatitis C patients receiving IFN-a treatment, although altered levels of KYN

metabolites were observed, they were not associated with persistent fatigue(49).



Direct evidence of pro-inflammatory or metabolic changes in the CNS in fatigued patients however remains
elusive. Larssen and co-workers performed proteomic (LC-MS/MS) analysis of cerebrospinal fluid (CSF) from
fatigued and non-fatigued pSS patients and identified 15 discriminatory proteins but none have known pro-
inflammatory function(60). Instead, many were associated with cellular stress responses, cellular metabolism
and depression. However, in another study of pSS patients focussing on the role of IL-1 pathway, CSF level of
IL-1R antagonist (IL-1RA), a natural inhibitor of IL-1B, was elevated and predicted severity of fatigue (alongside

depression and pain)(61, 62). The finding could reflect IL-1B pathway activation in the CNS.

Neuroimaging is a promising tool for exploring the role of the CNS in fatigue. Magnetic Resonance Imaging
(MRI) may show volume changes in different areas of the brain, and functional MRI (fMRI) may reveal
alterations in neural network during fatiguing tasks. Forinstance, Schrepf et al have identified significant
correlation between fatigue and specific changes in neuro-connectivities in RA(63). In another fMRI study,
Basu et al have reported fatigued patients with Granulomatous Polyangiitis (GPA) showed hyperactivity in
several regions during a mental challenge task(64). In a meta-analysis of fMRI and positron emission
tomography (PET) studies that involves either markers of peripheral inflammation or induced inflammation
have identified brain regions and networks that are associated with peripheral inflammation in man(65). Some
of these brain regions and networks could provide an explanation of the sickness behaviour. However, this
mata-analysis did not directly explore the relationship between the CNS changes and fatigue. In another
systematic review of MRI studies of fatigue in chronic diseases, the brain areas implicated in fatigue were
highly heterogeneous not only between different conditions, but also in different studies in the same
disease(66). Similarly, a systematic review found conflicting data regarding lesion location and post-stroke

fatigue(67). Thus, more research is needed to characterise the relevant CNS changes in fatigue.

Neuroendocrine disturbance

An appropriate cortisol response is important for the body to handle stressors which can be physical (e.g.
injuries), physiological (e.g. hypotension), pathological (e.g. infections) or emotional (e.g. significant life
events). Cortisol production is primarily regulated by the HPA axis. There is a complex interaction between the

HPA axis and the immune system. Pro-inflammatory cytokines (particularly the gp130 family cytokines (e.g. IL-



1, IL-6)) stimulate corticotropin-releasing hormone (CRH) production by the hypothalamus and
adrenocorticotropic hormone (ACTH) production by the pituitary glands(68), resulting in increased cortisol
production by the adrenal glands. Cortisol in turn suppresses pro-inflammatory responses, completing a
feedback loop (Figure 2B). With persistent inflammation, however, the response of the HPA axis could be

blunted(69).

In addition to immune-modulatory effect, cortisol plays a major role in the regulation of metabolism. Cortisol
and other glucocorticoid hormones increase the availability of energy source by mobilising the release of

glucose, free fatty acids, and amino acids from endogenous stores.

Fatigue and lack of motivation are well-recognised features of hypoadrenalism. In clinical studies, HPA
dysfunction may be demonstrated by reduced basal cortisol levels, relative cortisol insufficiency (e.g. reduced
cortisol/pro-inflammatory cytokine ratio) or “suboptimal” cortisol response to stimulation (e.g. exogenous
ACTH/CRH or hypoglycaemia states). Blunted HPA axis has been reported in pSS(70), RA(71, 72) and SLE (73)

patients compared to healthy controls.

However, few studies have directly explored the link between HPA axis dysfunction and fatigue in IRD. Evers et
al conducted a longitudinal study exploring the relationships between daily stressors, worrying, HPA axis
(cortisol), pro-inflammatory cytokines, disease activity, pain and fatigue over 6 months in 80 RA patients. They
showed that daily stressors, IL-1B and IFN-y predicted increased fatigue one month later(74). However, they
did not include daily stressor, worrying, cortisol and pro-inflammatory cytokines in a single model. A recent
multivariate analysis of a SLE cohort without concomitant fibromyalgia showed that stress, depression and
pain independently correlated with fatigue(75), with stress being the largest contributor to fatigue whilst
disease activity did not contribute. However, another study in SLE concluded that pain, social support and

depression predict fatigue, but perceived stress did not(76).

Dysfunction of the hypothalamic-pituitary-gonadal (HPG), and hypothalamic-pituitary-thyroid (HPT) axes have

also been reported in pSS, SLE and RA (77, 78) although their relationships with fatigue was not examined (79).



Autonomic Nervous System (ANS)

The ANS plays a vital role in adaptive responses to stressors through its ability to implement anticipatory
actions rapidly. Inflammation activates pattern-recognition receptors which in turn stimulate the vagus nerve,
resulting in the release of norepinephrine. Norepinephrine activates a special T cell subset which produces
acetylcholine and inhibit pro-inflammatory cytokine production by macrophages (Figure 2C)(80). In general,
the sympathetic nervous system (SNS) triggers the “fight or flight” response to enable rapid reactions to a
threat, whereas the parasympathetic nervous system (PNS) tends to limit stress reactions and restore
equilibrium once the threat has passed. Catecholamines play an important role in regulation of energy
mobilization and utility and cardiovascular function (which control supply of fuel to tissues). Imbalances
between the SNS and PNS may lead to hyper-arousal, emotional changes and attenuated heart rate
variability(81). Both symptoms of dysautonomia as well as objective measures of autonomic dysfunction were
common in pSS and were associated with fatigue(82-91). Of note, over 40% of pSS patients had decreased
parasympathetic activities(84). More interestingly, non-invasive vagus nerve stimulation (VNS) twice daily for 4
weeks was accompanied by improvement in fatigue in pSS patients(92). These observations support a role for

the ANS, particularly the vagus nerve, in the modulation of fatigue.

Autonomic dysfunction has also been reported in other IRD, however, the relationship with fatigue was not
explored(93-95). In RA, VNS is associated with a clinical improvement and reduction in inflammatory cytokines

although effect on fatigue was not measured(96, 97).

Sleep

Sleep disturbances affect 40-75% of patients with rheumatic diseases and are often associated with

fatigue(98).

Sleep disturbances in patients with RA are characterised by worse sleep efficiency (SE), sleep quality, sleep
latency, number of awakenings, and time awake after sleep compared to healthy control groups(99, 100). The
relationship between fatigue and sleep is not fully defined but a bi-directional relationship is likely, with poor

sleep leading to fatigue and daytime fatigue resulting in sleep disturbances (101, 102).



Sleep also has a complex relationship with inflammation, HPA axis, ANS and mood disorders(101). As
mentioned, inflammation affects neuroendocrine synthesis such as monoamines, melatonin, prolactin, and
growth hormone, all of which can affect sleep(103). In SLE, sleep disorders appear to be associated with
disease activity alongside pain and fatigue(104). In pSS, poor sleep is prevalent and associated with high levels

of symptom burden, orthostatic symptoms and fatigue(105).

Sleep disturbance is associated with altered HPA activity and cortisol level, and changes in the circadian
pattern of circulating levels of cortisol in turn regulate sleep(106). Sleep disruption is associated with activation

of the SNS. The relationship between sleep, HPA axis and ANS however is complex and influenced by factors

such as chronicity and type of sleep disruption(101).

Metabolic disturbances

Oxidative stress refers to an imbalance of pro-oxidants and antioxidants in favour of the former(107) whereas
nitrosative stress is characterized by overproduction of nitric oxide (-NO)(108). Inflammation increases
oxidative and nitrosative stress through inducing the production of free radicals and reactive intermediates of
oxygen and nitrogen. Measurement of F2-isoprostane has been used to assess the levels of oxidative stress.
Both urine and plasma F2-isoprostane were associated with fatigue in lupus patients(109). Shah et al. showed
that the activities of antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and the antioxidant molecule glutathione (GSH) were significantly reduced in SLE patients compared to
controls(110). The precise mechanisms by which increased oxidative or nitrosative stress results in fatigue,
however, were unclear. Possible mechanisms include attenuating aerobic metabolic capacity and reducing
muscle force production(111). Antioxidant supplementation has been shown to improve exercise performance

and reduce muscle fatigue(112, 113).

Cardiopulmonary fitness, physical activity, Body Mass Index (BMI)

Reduced physical activity is a hallmark of fatigue. Since cardiopulmonary fitness and BMI are key predictors of

physical activity, their roles in fatigue have also been examined. Dassouki et al reported that female pSS



patients (n=29) had lower VO,peak, muscle strength and function and higher levels of fatigue compared to
aged-matched healthy women (n=20)(114). Physical activity levels (measured using accelerometer) were
comparable, and there was no significant correlation between fatigue and VO;peak or muscle
strength/function or physical activity (step counts or duration of different levels of physical activity). However,
fatigue was measured using FACIT-F, which may not be the most appropriate tool for analysing the
relationship between fatigue and these objective measurements. Furthermore, the author only performed
bivariate correlation analysis without taking into consideration of potential confounders(114). In a
randomised controlled trial of supervised walking in pSS patients, improvement in VO,max and cardiovascular
fitness is associated with reduction of fatigue and depression(115). Reduction of cardiopulmonary fitness could
be a consequence of reduced physical activity due to fatigue and musculoskeletal pain. Data from the 273
patients of the UK primary Sjogren’s syndrome registry(116) revealed that self-reported physical activity levels
at all intensity levels were reduced among pSS patients compared to age and gender matched healthy
controls. Furthermore, reduced moderate and vigorous physical activity levels were associated with
fatigue(117). Consistently, Wouter et al found that reduced physical activity, activity avoidance and somatic
focus were associated with fatigue among pSS patients(118). These findings were confirmed using data from

accelerometers to measure habitual physical activity levels.

Poor exercise tolerance and reduced maximum aerobic capacity were also observed in SLE and RA
patients(119, 120) . In a study of 443 RA patients, Loppenthin and co-workers showed that 78% were mainly
sedentary or having a low level of physical activity, which is significantly higher than the general Danish
population. Physical fatigue is the strongest predictor of reduced physical activity(121). Increased physical
activity is associated with improved cardiorespiratory fitness and reduced fatigue in RA(122). A meta-analysis
and subsequent review conducted by Cramp et al concluded that physical activity potentially improve fatigue
in RA, albeit the effect size was described as small-to-moderate (123, 124). Furthermore, whilst physical
activity intervention appeared to improve fatigue in RA patients; these trials were often performed over a
short period of time (typically < 12 weeks) without evidence of sustained improvement. Longer interventions
have been implemented in patients with SLE with two studies using a home exercise intervention over a period
of 8 and 12 weeks, both led to reductions in fatigue(125, 126) which was sustained at 3 months if participants

continued to exercise(126).



Obesity is a predictor of fatigue in RA(127-129) and SLE(130, 131). The association between obesity and fatigue
is interesting from the perspective of energy management. Obesity represents a balance against energy
expenditure in favour of energy conservation. Accumulation of adipose tissues in obesity represents a surplus
of energy. Paradoxically, obese individuals experience fatigue and decreased physical endurance, reflecting an
“energy deficiency state”. Interestingly, EMG studies showed a greater reduction of voluntary activation of
available motor units in obese participants when fatigued suggesting a stronger component of CNS-mediated
fatigue(132). Other possible mechanisms include altered energy distribution or production and mitochondrial
dysfunction, particularly in skeletal muscles. Obesity could also contribute to both oxidative stress and fatigue
by increasing the inflammatory burden(133). However, obesity is associated with several determinants of
health including the social and economic environment, the physical environment, and the person’s individual
characteristics and behaviours. The relationship between obesity and fatigue is an example of potentially

interacting factors at intra-individual, inter-individual and societal levels.

Peripheral muscles

Fatigued patients often describe that their muscles feel week and unable to sustain prolonged or vigorous
activities. Reduced muscle strength and endurance are well documented in patients with inflammatory
arthritis and correlate with disease activity and reduced physical activity (134). Sarcopenia and myositis
(including subclinical myositis, and elevated serum creatine kinase) can occur in many IRD(135-138), which

may also contribute to fatigue.

More subtle changes in peripheral muscle have also been implicated in fatigue in other chronic diseases. For
instance, using 3P magnetic resonance spectroscopy to define mitochondrial function and pH regulation in
peripheral muscle during exercise at sub-maximal voluntary contraction, Hollingsworth et al showed that
patients with primary biliary cirrhosis exhibited excess acidosis after exercise indicating muscle mitochondrial
dysfunction. Furthermore, the extent to which patients can recover rapidly from acidosis was associated with
fatigue(139, 140). The same group also showed that patients with chronic fatigue syndrome (CFS) had

substantial impairment in recovery from intramuscular acidosis following exercise(137-139).



Psychosocial determinants

Mood disturbances

Depression is more prevalent in rheumatic diseases compared to the general population(141). Many factors
can contribute to the occurrence of comorbid depression, such as shared genetic factors, converging biological
pathways, social factors, health behaviours and psychological factors(142). Depression is also strongly linked

with fatigue in IRD(26, 28, 35, 75, 76, 143, 144) as well as non-inflammatory diseases(145).

It is worth noting that fatigue is one of the diagnostic criteria for depression(146). However, while it is possible
that fatigue can contribute to depression via shared mechanistic pathways and consequences on daily life,
depression and fatigue are distinct phenomena(147) and many fatigued patients do not suffer from significant
depression(29). Despite this, it can still be a challenge to distinguish depression from fatigue clinically.
Depression is primarily mental, and the main signs include sad mood, social isolation and negative thoughts,
sometimes accompanied by physical symptoms such as headaches, cramps and stomach upsets. Fatigue is
often a feature, but not the primary symptom. It is common for patients with depression to experience
anhedonia (the loss of interest in activities that people used to enjoy and a decreased ability to feel pleasure).
Consequently, they can be uninterested in taking part in activities, irrespective of the task or the amount of
effort it requires. By contrast, fatigue is primarily physical and many patients report wanting to engage in

activities but feeling too tired to do so.

Inflammation has been implicated in the pathogenesis of depression based on findings such as increased
circulating pro-inflammatory cytokines and microglial activation in the brain from post-mortem and in vivo
imaging studies(148). To what extent inflammation mediate all depressive illness remains unclear. It is
noteworthy that adverse childhood events can result in immune activation (149) raising the possibility of a bi-
directional relationship between depressive illness and inflammation. Furthermore, whether the same
mechanisms by which inflammation mediating depressive symptoms are shared with those mediating fatigue
is unclear. In this regard, the IL-1B pathway is a candidate mechanism linking depression and fatigue at a

molecular level(150, 151).

Pain



Pain occurs as a complex interplay between peripheral and central connections, biological influences such as
pro-inflammatory cytokines alongside the psychological perception of pain(151, 152). Musculoskeletal pain is
often a defining feature is many IRD(36, 153, 154)and is a key predictor of fatigue in many studies(26, 28, 35,
75, 76). Data from clinical trials further underlined the relationship between pain and fatigue. In RA,
improvement in fatigue may be driven by pain reduction from disease-modifying agents(35). However, the
causal link between pain and fatigue is not proven, and it has been suggested that fatigue can also enhance
pain(151). Similar to fatigue, pain constitutes a survival mechanism and is an alarm system of ongoing or
impending damage. Therefore, pain and fatigue may be two symptoms of a coordinated response of the body
to chronic stressors with shared underlying mechanisms. It has also been suggested that pain is an activator
rather than a consequence of the sickness response, leading to a state of hyperalgesia to enable the body
remains vigilant against an outside threat. The model stipulates that peripheral pain leads to the production of

cytokines, specifically IL-13, which then drives a fatigue response(151).

Life events, perception and other psychosocial factors

Adverse life events whether in early or adult life, access to psychosocial support, relationship status, income
and educational levels are associated with fatigue in chronic diseases(155). Additionally, coping strategies and
attitudes toillness have been linked with fatigue. One example is learned helplessness (an attributional style
whereby a person perceives that they have little control over the events in their life and so responds passively
to the challenges that they face) which has been shown to predict fatigue in recent-onset inflammatory
polyarthritis(156). Tendency to catastrophizing, avoidance and negative illness perception or belief is
associated with of fatigue in many chronic diseases(157, 158). The mechanism(s) linking these factors to the
development or maintenance of fatigue is unclear. However, it is helpful to understand which psychosocial
factors are amenable to intervention and can contribute to effective fatigue self-management(159). Indeed,
the most promising results of fatigue management in RA to date came from cognitive-behavioural therapy
(CBT), which showed both short- and long- term benefit(159, 160). Premorbid level of fatigue is a key predictor
of cancer-related fatigue. Data on premorbid levels of fatigue in IRD are rarely available. This observation,

however, supports the notion that the susceptibility to fatigue may be influenced by genetics, previous



exposure to stressors including adverse life events, psychosocial factors and fatigue-associated comorbid

conditions.

The study of psychosocial factors in fatigue can be challenging and considered “less exciting or scientific” by
some researchers or even “trivialising” the seriousness of fatigue by some patients. There can also be stigma

around psychological factors which can contribute to the privileging of physical over mental aspects of health.
At a research level, this can influence agendas and resources. At the care provision level, this preference can
be enacted by both patients and clinicians (e.g., in a consultation) and at a system level (e.g., in commissioning
services). However, psychological and social factors are not merely epiphenomena and our emotions and
feelings are no less “real” than genes and molecules. The concept of “self” consists not only a “neuro-biological
self” but also a “psychological self” that intricately linked to each other. For instance, a recent meta-analysis
suggests that “mindfulness” is associated with reduction of pro-inflammatory biomarkers in blood and in
saliva(161). There is a growing shift in emphasis on the neurobiological changes associated with thoughts,
emotions or feelings as potential therapeutic targets. However, such an approach is not without potential
pitfalls if the thoughts and emotions are the triggers of those neurobiological changes. As an illustration, the
conscious decision to move our right hand will activate the left motor cortex which sends signals to the right
hand muscles. Electromagnetic stimulation of the left motor cortex will also cause our right hand to move, but
itis unlikely to cause us to “make a conscious decision”. Therefore, the critical issues are whether thoughts,
emotions and feelings are the cause or consequence of the associated neurobiological changes and whether
they are amenable therapeutically. The evidence for cognitive-behavioural approaches in reducing fatigue
suggests that cognitions can be helpfully re-framed using Socratic questioning to promote a change in beliefs
and enhanced coping(159). This leads to better knowledge, confidence, and reactivation in everyday activities.
The use of daily activity diaries for patients to monitor their energy expenditure and individualised goal setting
lends weight to the argument that a “personalised" and "holistic" approach is likely to be needed to optimally
manage fatigue. As fatigue research progresses, we believe that psychosocial factors deserve more attention

but require a multi-disciplinary and open-minded approach.



Mechanistic and conceptual model of fatigue

In building a mechanistic and a conceptual model of fatigue for IRD, we sought to explain several key

observations (Box 3).

Mechanistic model of fatigue
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Our being (which includes the “physical” and “psychological” self) consists of many interconnecting functional
systems. Any stressor to our being will elicit a coordinated response from several functional systems, even if
the stressor was directed primarily to one system. For instance, a simple cut to the skin will trigger responses
from multiple systems —vasoconstriction and coagulation system activation to stop blood loss, inflammatory
cascade to prevent infection, nociceptive system and SNS activation to alert and prepare our body of danger.

Thus, it is unsurprising that in chronic IRD, multiple functional systems are affected. However, to determine

how these different functional systems contribute to fatigue is challenging.

Figure 3 is a diagrammatic summary of a possible mechanistic model of fatigue in IRD. Since inflammation is
the central pathology in these conditions, it is likely that inflammation is the key driver of fatigue through
several inter-connecting biopsycho-physiological mechanisms. The relationship between inflammation and
these various mechanisms are likely bi-directional. As the underlying inflammatory condition becomes chronic,
additional adaptive mechanisms may be involved as the body attempts to reach a new equilibrium. In fatigued
individuals, such (mal)adaptive responses may perpetuate fatigue, and possibly suppressing inflammation at
the same time, providing a potential explanation for the observation of the inverse relationship between
circulating pro-inflammatory cytokines and fatigue severity. At this chronic stage, systemic inflammation may
play a much lesser or even no role in the maintenance of fatigue. However, an acute disease flare may disturb

the established equilibrium, and systemic inflammation may again contribute to fatigue.

Since some patients experience minimal or no fatigue despite ongoing systemic inflammation (29),
inflammation alone is insufficient to cause fatigue. Furthermore, fatigue is prevalent in many chronic
conditions in which evidence for an inflammatory basis is weak, and yet very similar “predictors” of fatigue
were identified(162, 163). Moreover, a recent study of fatigue across five chronic conditions (RA, heart failure,

multiple sclerosis, chronic kidney disease and chronic obstructive pulmonary disease) found that the



qualitative experience of fatigue is similar across these conditions(15). In addition, the “unpredictability” and
“variability” of fatigue from “moments to moments” experienced by many patients is also difficult to be
explained by a mechanistic model centred solely on inflammation. We hypothesised that inflammation is one
of the many interconnecting mechanisms that contribute to the development of fatigue in response to
external or internal stressors to the body (Figure 1). Consistently, circulating levels of the stress protein HSP-
90a was significantly elevated in fatigued pSS patients compared to their non-fatigued counterparts.
Furthermore, together with depression, the plasma levels of HSP-90a were independent predictors of fatigue

in a multi-regression model(148).

The ANS, the HPA axis and the immune system are key to the body’s response to bio-physiological and
psychosocial stressors and are likely to be the key systems involved in the initiation of a complex network of
responses that contribute to fatigue. For instance, adept at providing rapid reactions to a threat and engage
the body in anticipatory actions, the ANS may play a key role in the day-to-day (even hour-to-hour) variability
of fatigue severity. In contrast, the HPA-axis and immune systems, being less flexible than the ANS(164), may

contribute to other facets of fatigue.

Different types or subsets of fatigue have been proposed. However, patients presenting with a single
“type/subset” of fatigue without manifestation of other “types/subsets” of fatigue is rare. Our view is that
different “types/subsets” of fatigue are different dimensions of the same symptom and the relative

manifestations of each dimension/subsets/types of fatigue may depend on the relative contribution of

different mechanisms mentioned in Figure 3. We also need to consider individual differences in how patients

interpret and respond to fatigue, which further complicates identification of the underlying mechanisms.

Conceptual model of fatigue

What is the physiological or functional significance of fatigue in chronic conditions? Fundamentally, fatigue is a
description of an inability to achieve the expected or maximal levels of performance. Fatigue is often

considered as part of the sickness behaviour complex in response to inflammation, and chronic fatigue being a
consequence of maladaptive sickness behaviour. However, fatigue is not a “condition” in which a person either

has or not, but a continuum. Therefore, we believe that fatigue is a bio-psycho-physiological state reflecting



the body’s overall strategy in resource (energy) management. These resources include energy needed for
physical activities and other bodily function, cognition as well as emotions, providing an explanation for the
multi-dimensional nature of fatigue. Fatigue occurs when the body adopts a strategy that limit resource
utilisation (“rationing”) in order to “conserve energy” for sustained threat. Interestingly, in the qualitative
metasynthesis of experience of fatigue mentioned earlier, the most prominent themes are “running out of
batteries” and “Bad Life (restrictions in their ability to engage in physical and social activities)”(15). This is
consistent with our model that in fatigued patients, they perceived a (relative) lack of energy/resources within

their body and therefore in the context of perceived sustained threat, their body adopt a rationing approach to

restrict energy use for essential activities at the expense of other activities such as leisure.

Furthermore, resource management is part of a coordinated bio-psycho-physiological response to the
perceived current and anticipated stress. Therefore, fatigue may be accompanied by adaptive responses of
other systems — e.g. altered ANS activity to prepare the body in “fight or flight” mode, altered pain sensitivity
to detect danger, changes to the immune system to defend the body, changes to diurnal rhythm to maintain

“arousal” etc.

We further propose that several factors may determine our body’s resource management strategy. These
include the perceived current stressor/danger, the anticipatory stressor/danger, the assessment of the bio-
physiological state of the body (interoception), any previous exposure to stressor/danger and their outcomes,
and various other factors (such as genetics, environmental, etc.) In addition, perceptions and related

behavioural responses are shaped by individual beliefs and expectations and cultural norms.

How does this model explain fatigue persistence despite the underlying disease is in remission? There are
several non-mutually exclusive possibilities. Firstly, clinical remission may not equate to molecular remission.
Furthermore, in the context of IRD, the break in immune tolerance may not have been restored, thus the
“threat” remains. After all, resource management has much to do with planning for future (perceived threat)
as for the present. Additionally, there may be irreversible / semi-permanent changes in some of the
mechanistic pathways that mediate fatigue (e.g. through epigenetic changes, changes in neural connections,
depletion of certain proteins or other bioactive substances). Furthermore, other comorbidities may have
developed. For instance, chronic fatigue may lead to reduced cardiovascular fitness or sleep disorders. Finally,

factors such as genetics, past medical/life history, other psychosocial factors may increase the susceptibility of



an individual to fatigue. If fatigue reflects the resource management of the body, our genetic make-up and
past medical and life events might shape our interoception and anticipatory danger perception.
Psychologically, we see that over time, patients’ coping resources can reduce and this can impact their
experiences of fatigue. As well as fatigue and flares, other health and life circumstances can undermine coping.
We can see patients whose IRD has been stable, but their coping is not stable, and the distress that they have
been experiencing has been slowly increasing. It might not be a steady and gradual deterioration, but rather a
person’s coping with their IRD may not fully recover from a setback even though their symptoms return to the
plateau they had before. Each setback represents a step down from which the person does not rise afterwards
when the root cause has passed. They might withdraw from some social activity, give up some form of regular

exercise or increase their reliance on medication, all of which can exacerbate or maintain fatigue.

Summary and future directions

Fatigue is a prevalent, disabling, and difficult to manage symptom for patients with IRD as well as many other
rheumatic and non-rheumatic conditions. Whilst we have focussed our discussion of the contributing
mechanisms on IRD, similar findings are reported in other fatigue-related conditions with a diverse underlying
pathogenetic mechanisms such as cancer, multiple sclerosis, chronic renal failure and fibromyalgia (4, 165,
166). Our proposed mechanistic and conceptual models of fatigue may also be relevant to fatigue in other
chronic conditions which we hope will provide a useful framework for future research. Future studies
investigating these common strands of fatigue pathogenesis may help to identify targets for interventions

across multiple chronic diseases.

There is an urgent need to develop consensus and recommendations on how to define and measure fatigue to
provide a broad framework covering different dimensions of fatigue. We propose the following definition of
fatigue as a starting point for discussion: “A multi-dimensional phenomenon in which the biophysiological,
cognitive, motivational and emotional state of the body is affected resulting in significant impairment of the
individual’s ability to function in their normal capacity”. Recommendations on the data types to be included

and reported in fatigue research will facilitate harmonisation of datasets for comparison and meta-analysis.
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Caution is needed in extrapolating findings based on experimental models of “induced” “physiological” fatigue

|II

unless they have been replicated in patients with “pathological” fatigue. This is because many “induced
fatigue” models are transient and self-limiting, unlike fatigue in chronic conditions which is often long-standing
and not relieved by rest. Given the levels of our understanding of this complex phenomenon remains relatively

poor, such framework should be reviewed periodically as our knowledge on fatigue advances. Research to

identify objective fatigue biomarkers may complement conventional questionnaire-based fatigue assessment
and help to gain further insight into the pathophysiology of fatigue. Finally, given the complexity of the
underlying mechanisms of fatigue, future research should ideally involve multi-disciplinary expertise that
enable different mechanisms and confounding factors be investigated concurrently, and with adequate sample

size. Such studies likely require substantial financial and human resources and commitment.



Figure legends

Figure 1. Putative mechanisms implicated in the pathogenesis of fatigue.

Figure 2. The role of (A) CNS; (B) HPA axis; and (C) ANS in fatigue.
A. CNS

Circulating pro-inflammatory cytokines may lead to microglia activation in the brain. This could be
achieved through direct transfer of cytokines across the blood brain barrier via various mechanisms
(receptor-mediated transcytosis, leakage across damaged tight junction or circumventricular organ),
or indirectly via other pathways, such as activated vascular endothelial cells or the vagus nerve. Pro-
inflammatory activities in the brain in turn results in several changes which include:

e inhibition of the release of the neurotransmitter noradrenaline, which is important for
increasing arousal, alertness and attention.

e increased uptake and breakdown of the monoamines (serotonin, dopamine and
noradrenaline) and reducing their availability in the synaptic cleft

e increased tryptophan-2,3-dioxygenase and indoleamine-2,3-dioxygenase (IDO) which
promote tryptophan (TRP) into the kynurenine (KYN) metabolic pathway. These metabolites
of the KYN pathway further induce local inflammation in the brain.

B. HPA Axis:

Stress and pro-inflammatory can both stimulate the hypothalamus leading to the release of
corticotrophin-releasing hormone (CRH), which acts on the anterior pituitary gland to release
adrenocorticotrophin releasing hormone (ACTH). ACTH enters the circulation and stimulates the
adrenal gland to release cortisol. Cortisol has several effects on the body. Cortisol inhibits
inflammation, promotes the release of amino acids, free fatty acids (FFA) and glucose into the
circulation which in turn enhances oxidative stress. , . Cortisol alsoaffectsthe mood.

C. ANS

Stress leads to the stimulation of inflammation and of the sympathetic nervous system. Specifically,
it antagonises the effect of the parasympathetic nervous system and primes the cardiovascular
system to optimize cardiac output. SNS activation leads to shifts in metabolism and the release of
glucose and lactate, leading to oxidative stress. The emotional alertness from the SNS leads to the
‘fight-or-flight’ behaviour, resulting in hyperarousal, anxiety, and sleep disturbance.

Inflammation activates pattern-recognition receptors which in turn stimulate the vagus nerve,
resulting in the release of norepinephrine. Norepinephrine activates a special T cell subset which
produces acetylcholine and inhibit pro-inflammatory cytokine production by macrophages. The
parasympathetic nervous system (PNS) tends to limit stress reactions and restore equilibrium once
the threat has passed. Imbalances between the SNS and PNS may lead to hyper-arousal, emotional
changes and attenuated heart rate variability.



Figure 3. Mechanistic model of fatigue.

See main text for details.

Glossary terms

- Sickness behaviour - refers to the adaptive behaviours developed by animals (and humans)
during an acute infection that are presumed to be beneficial for recovery and survival. Such
behaviours typically include social withdrawal, reduced general activities and spending more
time sleeping. It is accompanied by symptoms of fatigue, depression, hyperalgesia, reduced
appetite and sleepiness.

- Dysautonomia — an umbrella term used to describe conditions due to malfunctioning of the

Autonomic Nervous System (ANS). Symptoms associated with dysautonomia vary,
depending on the component(s) of the ANS being affected.
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