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Abstract

Cancer-related fatigue significantly disrupts normal functioning and quality of life for a substantial 

portion of cancer survivors, and may persist for years following cancer treatment. While the 

causes of persistent fatigue among cancer survivors are not yet fully understood, accumulating 

evidence suggests that several pathways, including chronic inflammation, autonomic imbalance, 

HPA-axis dysfunction, and/or mitochondrial damage, could contribute towards the disruption of 

normal neuronal function and result in the symptom of cancer-related fatigue. Exercise training 

interventions have been shown to be some of the more successful treatment options to address 

cancer-related fatigue. In this review, we discuss the literature regarding the causes of persistent 

fatigue in cancer survivors and the mechanisms by which exercise may relieve this symptom. 

There is still much work to be done until the prescription of exercise becomes standard practice 

for cancer survivors. With improvements in the quality of studies, evidenced-based exercise 

interventions will allow exercise scientists and oncologists to work together to treat cancer-related 

fatigue.

Introduction

The National Comprehensive Cancer Network defines cancer-related fatigue as a 

“distressing, persistent, 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 function” [1]. Fatigue is thought to be the most widespread adverse 

side effect of cancer in adults and children [1], with some studies placing the percent of 

patients suffering from fatigue as high as 75–99% [2]. Fatigue lasts longer than other 

treatment side-effects [3], and is the symptom reported to interfere most substantially with 

activities of daily living [3–6]. While it is associated with cancer itself [1], fatigue frequently 
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worsens during treatment and is recognized as a factor limiting patient adherence to cancer 

therapy [2, 7]. This may explain why patients reporting high levels of fatigue during 

treatment have shorter disease free intervals [8]. Although symptoms frequently improve 

following treatment completion, fatigue persists in a substantial number of cancer survivors. 

It has been estimated that 19–38% of survivors experience significant levels of fatigue 

following treatment [1, 7, 9], which is a much higher prevalence than in the population 

without a cancer history. In some instances, fatigue continues for years after the cancer 

treatment has ended. For example, in a longitudinal study of 763 breast cancer survivors, 

35% were fatigued in the first 5 years after treatment, and 34% reported fatigue 5–10 years 

following treatment [10]. Similar results were found in a survey of 1294 breast, prostate, or 

colorectal cancer survivors, where approximately one third of survivors reported fatigue 6 

years after treatment [11].

The diagnostic criteria for cancer-related fatigue are presented in Table 1. Fatigue is a 

complex multi-dimensional phenomenon that occurs across physical, cognitive, and 

emotional domains [2] and is comprised of both peripheral and central aspects [12]. 

Peripheral fatigue refers to events that occur in the muscles and at the neuromuscular 

junctions, while central fatigue refers to events that originate in the brain. Central fatigue 

includes physical (I don’t have the strength to do it) as well as motivational (I don’t want to 

engage in the effort to do it) components. In a qualitative study of cancer-related fatigue, 7 

of 20 patients described motivational deficits during unstructured interviews [13]. 

Furthermore, in studies that directly asked patients about their level of motivation or interest, 

the rate of reported deficits increased to 50%–65% [14–16]. Fatigue is most commonly 

measured through self-reports. Standardized questionnaires ask individuals to rate fatigue on 

a numeric scale and frequently gather additional data, such as its temporal pattern and 

duration and its interference with daily function [17]. Several fatigue-specific questionnaires 

have been developed to assess dimensions of fatigue. In addition, fatigue is often rated by 

patients together with other symptoms on a single multi-symptom assessment measure, such 

as the M.D. Anderson Symptom Inventory [18]. Nevertheless, cancer-related fatigue is 

thought to be underreported and underestimated, and thus undertreated [7].

Factors leading to the development of persistent cancer-related fatigue are not well 

understood [1, 3]. The occurrence and severity of cancer-related fatigue is not related to the 

type of disease or treatment variables, making it difficult to identify populations with the 

greatest risk for fatigue. Specifically, no reliable associations have been found between 

fatigue and type of cancer, disease stage at diagnosis, tumor size, number of nodes involved, 

presence and site of metastases, time since diagnosis, the type, extent, and length of cancer 

treatment, or time since treatment [9]. Several processes have been proposed to play a role in 

fatigue, including anemia, inflammation [19], hypothalamic-pituitary-adrenal (HPA) axis 

dysfunction [20], disruption of circadian rhythms [21], disturbance of monoamine pathways 

that regulate neurotransmitters [12], and loss of skeletal muscle [22]. Psychological 

variables are also thought to play a role [7]. The contributions of these factors to cancer-

related fatigue are discussed in more detail below. The lack of consensus on the underlying 

cause(s) of cancer-related fatigue has limited its treatment options [2]. No single 

pharmacological or behavioral intervention has been found to be completely effective at 
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addressing cancer-related fatigue [19]; however exercise training interventions have been 

some of the most successful at alleviating this symptom [23]. As presented in the current 

review, the multifaceted effects of exercise training, which include improvements in 

inflammation, brain function, fitness, and self-efficacy, may help explain the beneficial 

effects of exercise on cancer-related fatigue.

Mechanisms of persistent fatigue in cancer survivors

Inflammation

Chronic inflammation has received much attention as a potential mechanism leading to 

persistent fatigue in cancer survivors, partially due to observed associations between 

inflammation and fatigue in cancer survivors. Compared to nonfatigued survivors, fatigued 

breast cancer survivors exhibit higher levels of neopterin [24], a biomarker of macrophage 

activation, and C reactive protein (CRP) [25–27], an acute phase protein that is the most 

commonly used biomarker of inflammation. Further signs of heightened immune activity in 

fatigued breast cancer survivors are elevated white blood cell counts [25, 27–29], elevated 

T-cell counts [30], and increased production of tumor necrosis factor (TNF)-α and 

interleukin (IL)-6 following lipopolysaccharide stimulation [31] in comparison to 

nonfatigued survivors. While most of the evidence linking inflammation and fatigue in 

cancer survivors has been collected in breast cancer survivors, immune activation has been 

implicated in fatigue among other groups as well. For example, in testicular cancer survivors 

measured a median of 11 years post-treatment, fatigue was associated with higher levels of 

CRP [28]. Additionally, ovarian cancer survivors whose symptoms of fatigue improved in 

the year following treatment had decreases in plasma IL-6 [32]. Genetic markers also 

support a link between inflammation and fatigue. Significant associations between single 

nucleotide polymorphisms for several cytokines and fatigue have been demonstrated in lung 

cancer survivors [33]. Although the sample size was small, Bower et al found that fatigued 

breast cancer survivors had heightened gene expression for activation of pro-inflammatory 

cytokines, chemokine signaling, vascular growth factor, and transcriptional activation in 

leukocytes [34]. The same study by Bower et al also reported increased signaling by 

transcription factor nuclear factor-kappa B (NF-κB), which is responsible for and responds 

to the upregulation of many pro-inflammatory genes, and also found decreased expression of 

glucocorticoid receptor transcription factor [34]. Decreased glucocorticoid signaling 

suggests decreased sensitivity to cortisol, the main endogenous brake on the production of 

pro-inflammatory cytokines [12].

Causal links between inflammation and central fatigue have been demonstrated using animal 

models in which the symptoms of fatigue and reduced motivation appear after induction of 

high levels of pro-inflammatory cytokines, such as interleukin-1 beta (IL-1β) [12]. Further 

evidence has come from human studies where fatigue is induced by typhoid vaccination, 

activation of the immune system through administration of low dose endotoxin, or in 

patients receiving recombinant cytokines such as interferon (IFN)-α as treatment for 

hepatitis C [12]. Treatments which reduce inflammation, such as antagonists of TNF-α, have 

also been shown to reduce fatigue in patients with rheumatoid arthritis or psoriasis [35, 36].
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Fatigue is one component of ‘sickness behavior’, the coordinated set of adaptive behavioral 

changes that occur in infected individuals to promote survival, and include lethargy and 

sleepiness. These changes are orchestrated in the brain following the release of 

inflammatory mediators that ultimately stimulate the brain to induce feelings of sickness. 

Mechanistically, elevated cytokines that mediate the inflammatory response have been 

proposed to cause central fatigue and other symptoms by targeting the basal ganglia and 

dopamine function [37]. Inflammation originating in the periphery is communicated to the 

central nervous system (CNS) by several pathways, including activation of sensory nerves 

[19]. This results in the production of prostaglandins and pro-inflammatory cytokines such 

as IL-1β and TNF-α by endothelial cells, macrophages, and microglia in the CNS [38]. 

These CNS inflammatory mediators then influence neurons directly or indirectly by 

modifying astrocyte, oligodendrocyte, and endothelial cell functions [12], thereby 

contributing to instances of fatigue.

Systemic inflammation also affects the bioavailability of amino acid precursors of 

neurotransmitters. For example, an enzyme involved in the synthesis of neopterin by 

peripheral macrophages also leads to a relative deficit of an essential cofactor of aromatic 

amino acid hydroxylase enzymes used in the synthesis of dopamine, norepinephrine, and 

serotonin [39]. Serotonin neurotransmission can also be impaired during inflammation by 

cytokine-induced activation of indoleamine 2,3-dioxygenase, which metabolizes the 

serotonin precursor tryptophan into kynurenine [40–43]. Kynurenine is further metabolized 

into neurotoxic kynurenine metabolites that are thought to play a role in depression [44] and 

are associated with fatigue in lung cancer patients [45]. Thus, inflammation in the periphery 

impacts neural pathways that play a role in behavior, motivation, and central fatigue. The 

links between immune activation and changes in the central nervous system thought to 

contribute to fatigue are illustrated in Figure 1.

Autonomic nervous system and hypothalamic-pituitary-adrenal axis dysregulation

An imbalance in the autonomic nervous system may also play a role in cancer-related 

fatigue. Heightened sympathetic activity increases energy demands, whereas higher 

parasympathetic activity facilitates energy conservation [46]. Parasympathetic activity is 

also referred to as vagal tone, and can be assessed by measuring the fluctuation in time 

between consecutive heart beats, or heart rate variability (HRV). Low HRV indicates low 

vagal tone and thus parasympathetic underactivity [47]. In non-cancer populations, 

sympathetic overactivity and parasympathetic underactivity are linked to fatigue [48]. For 

example, healthy adults with lower HRV report more fatigue when performing cognitively 

demanding tasks than those with higher HRV [49], and lower HRV is associated with 

driver-related fatigue [50] and greater fatigue after exercise [51]. Autonomic dysfunction 

has been observed in breast cancer patients during and after treatment [52]. In breast cancer 

survivors, fatigue is associated with low HRV at rest [20, 53, 54] and in response to social 

stress [20]. Low vagal tone is also linked to an exaggerated pro-inflammatory profile due to 

a corresponding deficiency in the cholinergic anti-inflammatory pathway of the 

parasympathetic nervous system [55]. In a study of breast cancer survivors, low HRV was 

associated with greater plasma levels of IL-6 and CRP; these markers of inflammation did 

not however mediate the relationship between fatigue and HRV [54]. Fagundes et al also 
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found elevated levels of norepinephrine in fatigued survivors indicating heightened 

sympathetic activity; this occurred independently of parasympathetic underactivity, 

suggesting that both aspects of the autonomic nervous system may be altered in cancer-

related fatigue [20].

The HPA-axis is central to regulating inflammatory responses through glucocorticoids such 

as cortisol [56]. In healthy people, cortisol levels display a diurnal pattern corresponding to 

the rest-activity cycle. Altered diurnal cortisol secretion and disrupted circadian rhythms are 

indicative of HPA-axis dysfunction and are linked to increased cytokine signaling and 

fatigue in a variety of conditions. For example, a flattened circadian cortisol cycle is 

observed in chronic fatigue syndrome [57]. Fatigued breast cancer survivors have been 

found to have lower morning serum cortisol levels [24], flattened diurnal cortisol cycles 

[58], and decreased cortisol responses to acute psychological stress [59]. Ovarian cancer 

survivors are also reported to have altered cortisol cycles, and a return to normal cortisol 

cycles are associated with improvements in fatigue [32]. HPA-axis dysregulation has been 

reported in other cancer survivor groups, including nasopharyngeal [60], prostate [61], and 

leukemia [62], although fatigue was not measured in these studies. Nonetheless, there is 

evidence suggesting that HPA-axis dysfunction is a common occurrence following cancer 

treatment and that it is associated with fatigue.

Alternative mechanisms

Additional explanations for fatigue among cancer survivors include loss of fitness. 

Sarcopenia is a common side effect of cancer and its treatments, where alterations in skeletal 

muscle metabolism lead to the loss of skeletal muscle contractile strength and mass [63]. 

The resulting loss of muscle strength likely contributes to the physical experience of fatigue 

[22]. Cancer patients also exhibit lower oxygen consumption, which combined with 

decreased muscle strength makes the relative intensity of daily living activities closer to the 

anaerobic threshold [64, 65]. Certain psychological traits are also risk factors for developing 

fatigue. Specifically, breast cancer survivors suffering from fatigue have poor self-efficacy 

[66], that is, the belief in their ability to execute behaviors necessary to produce a specific 

performance. Engaging in catastrophizing or negative thoughts is also strongly predictive of 

fatigue in breast cancer survivors [7].

Despite the fact that the majority of the literature to date supports a connection between 

inflammation and persistent fatigue in cancer survivors, no definite proof has yet been 

obtained for a causal role of inflammation in this population. In addition, a few studies 

report negative results [67, 68], or concomitant increases in anti-inflammatory mediators 

among fatigued cancer survivors [24, 28]. A closer analysis of the literature on toxicities of 

cancer therapy and inflammation shows that there are alternative to the inflammation 

hypothesis. In addition to their direct cytotoxic effects on highly proliferative cells, 

chemotherapeutic agents generate free radicals and superoxides that contribute to cellular 

DNA damage and cell death. These events take place not only at the level of the tumor but 

also in distant organs. There, radical oxygen species induce tissue injury that triggers 

inflammatory pathway cascades. This mechanism is responsible for the toxic effect of 

chemotherapeutic agents on the gastrointestinal tract, kidney, and heart [69, 70]. However, 
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there is no evidence for propagation of the very localized inflammatory response affecting 

peripheral organs.

The situation is similar with radiation. Radiotherapy can also cause inflammation in target 

organs, such as the lung in patients with lung cancer. However, even in this case there is no 

correlation between the severity of radiation-induced pneumonitis and circulating 

biomarkers of inflammation, other than IL-6 and this in a non-consistent manner [71]. Most 

chemotherapeutic agents have a limited penetrability into the nervous system, and even 

when they can cross the blood-nerve or the blood-brain barrier they do not cause neuronal 

death since neurons are terminally differentiated cells. What is observed instead is evidence 

of neuronal mitochondrial damage that usually manifests in the form of swelling 

mitochondria [72]. In summary, there is no conclusive evidence for the occurrence of 

systemic inflammation in response to cancer therapy and subsequent activation of immune-

to-brain communication pathways. A causal role for mitochondrial dysfunction has been 

demonstrated for chemotherapy-induced peripheral neuropathy [73–75]. This could also be 

involved in the pathophysiology of other cancer-related symptoms, including fatigue, by 

impairing neuronal energetic metabolism and function.

Exercise training interventions to reduce cancer-related fatigue

Several treatments have been proposed to address fatigue in cancer survivors, although so 

far no single treatment has been shown to be fully effective. A meta-analysis of randomized 

controlled trials of pharmaceutical therapies for cancer-related fatigue reveal a small effect 

size for all drug classes [76]. Psychosocial interventions, including educational, supportive, 

and behavioral interventions, have been more successful, with meta-analyses showing a 

small to moderate effect on cancer-related fatigue [77–79]. In particular, exercise 

interventions are significantly associated with improvements in fatigue, both during and 

after treatment, for a variety of cancers, including breast, colorectal, prostate, head and neck, 

gynecological, and hematological cancers [65, 80–86].

A significant reduction in cancer-related fatigue was reported in a systematic review of 

randomized controlled trials and controlled clinical trials that compared exercise 

interventions with non-exercise or standard-of-care controls on quality of life in adult cancer 

patients [83]. This analysis included 40 trials with 3694 cancer patients; 30 of the trials were 

conducted post-treatment. Despite the fact that a wide range of exercise interventions were 

employed (including resistance training, walking, cycling, yoga, Qigong, and Tai Chi), an 

overall significant reduction in fatigue was found after 12 weeks (standardized mean 

difference: −0.82, 95% confidence interval (95% CI): −1.50 to −0.14) and at a 6 month 

follow-up (standardized mean difference: −0.42; 95% CI −0.02 to −0.83) [83]. A meta-

analysis of randomized controlled trials of exercise interventions among cancer survivors 

also reported an overall significant reduction in fatigue after the interventions [82]. Data 

from 44 studies enrolling a total of 3254 participants of different cancer types were included 

and demonstrated that the interventions reduced cancer-related fatigue to a greater extent 

than standard-of-care controls (weighted mean effect size: 0.31, 95% CI: 0.22 to 0.4). 

Characteristics of the exercise interventions from individual trials were also analyzed for 

moderating effects on change in fatigue. Greater reductions in cancer-related fatigue were 
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noted with interventions that used moderate-to-high intensity resistance exercise (3–6 

METs, 60–80% 1-Repetition Maximum). The length and number of each exercise session 

included in an intervention did not significantly impact results [82].

The importance of exercise intensity has also been demonstrated by a randomized controlled 

trial of exercise training in breast cancer survivors [84]. In this study, 25 postmenopausal 

breast cancer survivors trained 3 times a week for 15 weeks on a cycle ergometer; changes 

in peak oxygen consumption, peak power, and fatigue were compared to untrained controls. 

Statistically and clinically significant improvements in fatigue were observed in the trained 

group; these improvements were significantly correlated with increases in peak oxygen 

consumption and peak power output [84]. These results suggest that improvements in 

cardiopulmonary fitness mediate improvements in fatigue, although a causal relationship has 

not been established. A more recent meta-analysis of controlled studies involving cancer 

patients and survivors also found a statistically significant reduction in fatigue resulting 

from physical exercise interventions (weighted mean effect size: −0.54, 95% CI: −0.90 to 

−0.19) [86]. Of the 14 studies included in the analysis that used post treatment interventions, 

13 report positive results and 7 were statistically significant. The authors of the meta-

analysis caution that the overall moderate effect size should be interpreted bearing in mind 

that the effect sizes of the individual studies were heterogeneous [86].

Thus far, variability in the study populations, exercise prescription, outcome measures, and 

overall study quality make results hard to translate clinically. High quality, randomized 

controlled trials that prescribe and monitor exercise using the best available techniques and 

include multiple measurements of fatigue would add to the literature. It is also important for 

future studies to include various modes of exercise as it is unlikely that a one-size-fits-all 

approach in exercise training will be successful. Rather, taking into account factors such as 

age, cancer site, medical comorbidities, previous exercise training, and personal preference 

would help target exercise interventions to individuals. One note of caution in the 

interpretation of these studies discussed above is the existence of publication bias [78], 

meaning studies with minor or negative results could be missed. Another limitation is that 

most exercise interventions have not included fatigue as a criterion for study entry. 

Individuals not experiencing fatigue are unlikely to show change in this symptom, and so the 

effect of exercise on fatigue may actually be larger than has been reported. Alternatively, 

fatigue could be a barrier for entry into exercise trials. The randomized controlled trial by 

Courneya et al had a 14% recruitment rate which could limit the generalizability of the 

findings [84]. However, once enrolled, the exercise group completed 98.4% of the 

prescribed exercise sessions; similar adherence has been reported by others [86].

Exercise appears to be safe for cancer survivors, as similar numbers of adverse events have 

been reported in interventions and control groups [86]. Overall, exercise is well-tolerated by 

cancer survivors, and the American College of Sports Medicine guidelines recommend most 

cancer survivors accrue 150 minutes/week of moderate or 75 minutes/week of vigorous 

intensity aerobic activity, and engage in strength training twice a week, similar to 

recommendations for healthy populations [87]. Together, the literature support the 

feasibility of exercise training in cancer survivors, and the possibility that training yields 

improvements in both fitness and fatigue.
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Mechanisms by which exercise may reduce fatigue

Psychological well-being and physical fitness

Just as the benefits of exercise training are multifaceted in healthy populations, exercise 

likely acts through a variety of mechanisms to improve the quality of life and reduce fatigue 

in cancer survivors. Even without addressing the underlying cause(s) of cancer-related 

fatigue, exercise training yields psychological benefits that can reduce the symptoms of 

fatigue. Attaining new skills and meeting physical activity goals can improve confidence, 

decrease catastrophizing behavior, and increase self-efficacy [88], thus reducing the 

contribution of these factors towards fatigue. McAuley et al have shown that self-efficacy 

mediates the relationship between increased physical activity levels and reduced fatigue in 

breast cancer survivors [66, 89]. Exercise training can also improve quality of sleep and 

decrease pain and mood disturbances [90].

Training-induced gains in physical fitness may alleviate fatigue by countering physical 

deconditioning through increased lean muscle mass and aerobic capacity. Cancer survivors 

participating in exercise interventions have by and large shown improvements in 

cardiopulmonary fitness and muscle strength [65, 84, 91], which could decrease the effort 

required to complete daily living activities and thus reduce fatigue. Of note, exercise 

interventions with pediatric patients have shown particular benefit for improving 

cardiopulmonary fitness and muscle strength [81]. Exercise training can also decrease fat 

mass, an important consideration as high body mass index (BMI) has been shown to be 

predictive of persistent fatigue in breast cancer survivors [29]. Reduction in BMI may also 

address chronic inflammation through decreased release of pro-inflammatory adipokines 

from visceral fat mass [92]. However, many studies have controlled for BMI when 

examining the effect of exercise interventions, and have found that exercise improves 

fatigue independently of changes in body composition [7, 84].

Anti-inflammatory effects

The anti-inflammatory effects of exercise training may also reduce cancer-related fatigue. In 

healthy populations, exercise training has been shown to increase the level of anti-

inflammatory cytokines such as IL-10, reduce overall TNF-α expression, decrease CRP, 

decrease pro-inflammatory adipokines, and reduce expression of Toll-like receptors on 

monocytes and macrophages (reviewed in: [92–94]). Given the role that inflammation is 

proposed to play in the promotion of cancer-related fatigue, it is surprising that only a few 

studies have examined changes in inflammatory mediators following exercise interventions 

with cancer survivors. One study in leukemia patients undergoing chemotherapy reported 

that participants in an in-hospital aerobic and resistance training program had reductions in 

fatigue and a trend towards reduced IL-6 and increased IL-10 circulating levels [95]. A 

small 3-month randomized controlled trial in breast cancer survivors found that supervised 

aerobic and resistance exercise training led to decreases in TNF-α and the ratio of IL-6 to 

IL-10, although these did not reach significance [96]. Other studies in breast cancer 

survivors have reported a reduction in CRP after 15 weeks of aerobic training [97], and IL-6 

after 6 months of aerobic training [98]. Unfortunately, these studies did not measure fatigue, 

and so it is not known if the reduction in inflammation would translate to improvements in 
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fatigue. Yoga interventions in fatigued breast cancer survivors have demonstrated decreased 

symptoms of fatigue and reduced markers of inflammation, such as decreased IL-6, TNF-α, 

IL-1β [99], as well as reduced NF-κB activity, and increased activity of glucocorticoid 

receptors [100]. However the effects of the physical exercise and mindfulness components 

of yoga are difficult to separate [100].

Conversely, a few studies have reported an increase in immune system activation in cancer 

survivors following an exercise intervention. A two-week moderate aerobic exercise 

intervention in colorectal cancer survivors found a more pro-inflammatory state in response 

to lipopolysaccharide, although this study lacked a control group [101]. Similarly, increased 

lymphocyte activation to ex vivo stimulation was observed in exercise-trained breast cancer 

survivors [102].

Autonomic nervous system balance

Cardiopulmonary fitness is associated with greater HRV in healthy adults, and exercise 

training has been shown to increase HRV [103–105]. Among cancer patients, a 16 week 

moderate exercise intervention during and after treatment improved HRV [106]. This 

suggests that exercise can restore a balance between sympathetic and parasympathetic 

activity. As low HRV has been linked with fatigue in cancer survivors, exercise-mediated 

increases in parasympathetic activity could be an additional mechanism by which exercise 

training addresses fatigue. However, a relationship between exercise-induced increases in 

HRV and fatigue has not been established in cancer survivors.

It has been proposed that cancer and its treatments accelerate aging processes, and that 

fatigued patients and survivors might be biologically older than their chronological age may 

suggest [7]. In support of this, the decreases in HRV observed in fatigued cancer survivors 

mimic the lower HRV found in older adults, and have been calculated to be equivalent of a 

20 year difference compared to age-matched non-fatigued cancer survivors [20]. Another 

characteristic shared between cancer survivors and older adults is the accumulation of 

senescent cells. In healthy aging, this is largely driven by repeated exposure to infectious 

agents across the lifetime [107]. Cancer and its treatments cause DNA damage which can 

also induce cellular senescence, and large numbers of senescent cells have been observed in 

childhood cancer survivors [108]. One consequence of the accretion of senescent cells, 

particularly senescent immune cells, is chronic inflammation [109]. Increased numbers of 

senescent immune cells have been observed in other patient groups suffering from fatigue 

[110], but a relationship between senescent immune cells and fatigue in cancer-survivors has 

not yet been established. There is evidence that regular physical exercise can help prevent or 

possibly reverse aspects of immunosenescence including senescent immune cells [111, 112]. 

Reductions in pro-inflammatory senescent cells could therefore be an additional means by 

which fatigue is reduced through exercise training, although at this time this is speculative 

and an area that warrants further research.

Neurotrophic factors

Exercise also has protective effects on brain function. For example, exercise training reduces 

microglial activation [113, 114] and increases expression of neurotrophic factors such as 
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brain derived neurotrophic factor [115] and adiponectin [116, 117]. As discussed above, 

elevated levels of the tryptophan metabolite kynurenine are associated with inflammation, 

depression, and fatigue [12] (Figure 1), so an exercise-induced reduction in kynurenine 

levels could benefit these conditions. While one study reported no exercise-induced changes 

in the concentration of IL-6, neopterin, tryptophan, and kynurenine with moderate-intensity 

exercise in depressed patients, the exercise intervention was unsupervised and lasted just one 

week [118].

A more recent publication has provided evidence for an exercise-induced protection of brain 

function via modification of kynurenine levels [119]. Agudelo et al demonstrate that 

peroxisome proliferator-activated receptor-gamma co-activator (PGC)-1α1 overexpression 

in muscle promotes the expression of kynurenine aminotransferase (KAT), which prevents 

kynurenine from crossing the blood brain barrier [119]. Mice overexpressing PGC-1α1 also 

avoided the increase in neuro-inflammatory markers (such as macrophage inflammatory 

protein 1α (MIP1α)) following chronic stress exposure observed in wild type mice [119]. 

The authors further show that exercise training increased expression of both PGC-1α and 

KAT in mice as well as human skeletal muscle, corroborating several reports of increased 

PGC-1α expression in endurance-trained humans [120, 121]. Exercise-induced increases in 

adiponectin levels have been proposed to provide a stimulus for increased PGC-1α levels 

via AMPK/SIRT1-dependent pathways [122]. Thus, exercise-induced increases in 

adiponectin and PGC-1α1 may reduce neuro-inflammation and help maintain normal levels 

of tryptophan and serotonin. An alternative that still needs to be examined in the case of 

exercise and cancer-related symptoms is that PGC-1α activates mitochondrial biogenesis, 

therefore opposing the mitochondrial dysfunction induced by cancer therapy [123]. 

Pathways by which exercise training may reduce cancer related fatigue are summarized in 

Figure 2.

Areas for future research

Unfortunately, the translation of exercise interventions from the research lab to the clinic has 

been slow. Many fatigued cancer survivors are advised to conserve their energy expenditure 

and limit physical activity, which could actually worsen symptoms of fatigue through the 

synergistic effects of deconditioning and cancer cachexia [82, 124]. Further, some clinicians 

and patients fear that exercise could cause adverse events, such as lymphedema in breast 

cancer survivors [125]. While a meta-analysis has found no difference in adverse events 

including lymphedema between exercise and control groups [86], many studies have done a 

poor job describing adverse events [23]. Future investigations should carefully monitor and 

report these events so that conclusions can be accurately made about the safety of exercise. 

The recruitment rate and overall adherence should also be carefully described. Another 

difficulty in the implementation of exercise as standard practice is that although the 

American College of Sports Medicine recommends aerobic and resistance exercise for 

cancer survivors [87], there is no specific prescription for survivors suffering from fatigue 

[82]. This may be due in part to difficulties in comparing results across studies, as exercise 

interventions have differed in mode, intensity, frequency, the timing of the intervention 

relative to treatment, duration of each session and overall length of the intervention, and 

how and whether the exercise is monitored. Because associations have been found between 
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improvements in cardiopulmonary fitness and fatigue [84], future exercise interventions 

should be designed using the best-available evidence from the exercise science literature to 

yield large fitness gains. Alternatively, the success that yoga interventions have had in 

reducing both inflammation and fatigue in breast cancer survivors [99, 100] suggests that 

yoga may provide additional options for patients who might otherwise decline to exercise.

Comparisons across different studies are also hindered by variability in outcome domains 

arising from the different definitions and measurements for cancer-related fatigue currently 

in use [2]. A key obstacle in mechanistic studies of cancer-related fatigue is the reliance on 

subjective feelings to assess fatigue instead of objective measurements of performance and 

fatigability. Besides the use of activity monitors and all their ambiguities this is an area of 

research that has been clearly left aside. Researchers should take note of the emergence of 

computerized tasks for assessing several aspects of motivated behavior in human subjects 

[126] and the increasing use of neuroimaging approaches in neurology, psychiatry, and 

cognitive psychology [127].

Future exercise intervention studies should also include outcome measures that aim to 

elucidate the mechanisms by which exercise yields its effect, such as longitudinal 

observations of changes in immune system activation and function. These measurements 

should go beyond measuring circulating cytokines, as serum or plasma levels of cytokines 

do not necessarily reflect levels in the brain where the symptoms of cancer-related fatigue 

likely originate. Inflammatory cytokines act as autocrine, juxtacrine, and paracrine 

communication signals in the microenvironment in which they are produced, and it is not 

clear if circulating cytokines reflect “spillover” of molecules released locally from the site of 

inflammation or if they arise from an inflammatory environment that influences tissue-

specific activity. An alternative is to measure activation of intracellular cytokine signaling 

pathways in circulating immune cells or to assess the ability of these cells to produce 

cytokines in response to stimulation. Future exercise intervention studies could also consider 

measuring glucocorticoid receptor function as well as cortisol levels. In addition, it will be 

interesting for future studies to monitor training-induced changes in HRV in cancer 

survivors, and to determine if increases in HRV are linked to reductions in fatigue. Well-

designed exercise interventions that measure factors known to act on central nervous system 

pathways involved in fatigue behavior, such as kynurenine, will also add to literature.

Overall, there is a need for higher quality randomized controlled trials with larger sample 

sizes and increased duration of follow-up measures. Other methodological issues in the 

existing literature include lack of control groups, failure to blind outcome assessments, and 

not controlling for potentially confounding variables such as age and previous fitness level. 

Inclusion criteria also need to be carefully considered. There is large inter-individual 

variability in the experience of cancer-related fatigue, as some patients develop high 

symptom levels whereas others experience very little. Using fatigue as an inclusion criterion 

would improve the translational potential of intervention studies, as highly fatigued 

individuals are likely to show the greatest improvements in this symptom following exercise 

training interventions. Finally, more studies should consider fatigue in pediatric cancer 

survivors, as their experience of fatigue and the underlying causes may differ from adult 
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survivors. There are now fatigue measures available for use in children as young as 7 years, 

with ongoing efforts to validate common items in pediatric and adult questionnaires [2].

Conclusion

Awareness of the issue of cancer-related fatigue is growing, and its etiology and treatment 

are areas of active research. Symptom control during cancer treatment could enhance 

therapeutic outcomes by increasing adherence to treatment, and thus potentially increase 

survival. Reducing fatigue is also important following completion of cancer treatment, as 

persistent fatigue poses a barrier to the resumption of pre-cancer lifestyles. Research 

conducted in cancer survivors demonstrates that both psychological and biological factors 

contribute towards the development and persistence of fatigue. Although most work has 

focused on inflammation, the evidence is far from conclusive and there are alternatives that 

clearly deserve consideration. A large number of research studies support the ability of 

exercise training to alleviate cancer-related fatigue, especially among supervised 

interventions that also yield improvements in fitness parameters. While the exact 

mechanisms underlying this benefit are unknown, evidence is accumulating for several 

models. These include increases in functional capacity, reductions in chronic inflammation 

which can mediate sickness behavior, increases in parasympathetic nervous system activity, 

and the protection of neurotransmitters through mediators such as PGC-1α, all of which 

have been shown to accompany exercise training programs. There is still much work to be 

done until the prescription of exercise becomes standard practice for cancer survivors. With 

improvements in the quality of studies, evidenced-based exercise interventions will allow 

exercise scientists and oncologists to work together to treat cancer-related fatigue.
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Figure 1. 
Systemic inflammation contributes to cancer-related fatigue. Cancer and its treatments 

activate leukocytes, resulting in increased expression of the transcription factor NF-κB and 

production of pro-inflammatory mediators, such as interleukin-6 (IL-6), tumor necrosis 

factor-alpha (TNF-α), and interferon-gamma (IFN-γ). Dysregulation of the hypothalamic-

pituitary-adrenal (HPA)-axis leads to altered release of cortisol; glucocorticoid receptor 

(GCR) function on leukocytes is also decreased. Inflammation in the periphery leads to 

inflammation in the central nervous system (CNS) through several immune-to-brain 

communication pathways. Signals from sensory nerves activate CNS cells such as microglia 

to produce pro-inflammatory cytokines, including IL-6, TNF-α, and interlukin-1 beta 

(IL-1β). These inflammatory mediators then impact neurons directly or indirectly through 

altered oligodendrocyte, astrocyte, and endothelial cell functions. Inflammation in the 
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periphery also decreases the availability of precursors, such as tetrahydrobiopterin (BH4) 

required for the synthesis of the neurotransmitters dopamine (DA), norepinephrine (NE), 

and serotonin (5HT). Deficits in serotonin production also occur as tryptophan (Trp) is 

converted into kynurenine from an inflammation-mediated increase in indoleamine 2,3-

dioxygenase (IDO). Kynurenine is further metabolized in the brain into neurotoxic 

kynurenine metabolites such as 3-hydroxy kynurenine and quinolinic acid. Dashed lines 

indicate a disrupted pathway. CRH: corticotropin release hormone; ACTH: 

adrenocorticotropic hormone
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Figure 2. 
Pathways by which exercise may ameliorate cancer-related fatigue. Exercise training confers 

psychological benefits, such as increased self-efficacy, and leads to improved fitness which 

eases the effort required for daily life activities. Exercise training decreases chronic 

inflammation through reductions in inflammatory cytokines, increased production of 

interleukin-10 (IL-10), and increased glucocorticoid receptor (GCR) function. Reduced 

inflammation in the periphery prevents disruption of neurotransmitter production (including 

norepinephrine (NE) and dopamine (DA)) and inflammation in the central nervous system 

(CNS). Exercise is further associated with increased neurotrophic factors such as brain 

derived neurotrophic factor (BDNF) and adiponectin. Exercise-induced increases in skeletal 

muscle PGC-1α expression, perhaps mediated by adiponectin, helps maintain levels of 

tryptophan (Trp) and serotonin (5HT) through activation of kynurenine aminotransferases 

(KATs), which favor the formation of neuroprotective kynurenine metabolites (kynurenic 

acid). PGC-1α may also promote mitochondrial biogenesis. Dashed lines indicate a 

disrupted pathway.
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Table 1

Diagnostic criteria for cancer-related fatigue

Symptoms present every day or nearly every day during the same 2-week period in the past month:

• Significant fatigue, diminished energy, or increased need to rest, disproportionate to recent change in activity level

And at least five of the following symptoms:

• Generalized weakness or limb heaviness

• Diminished concentration or attention

• Decreased motivation or interest to engage in usual activities

• Insomnia or hypersomnia

• Sleep is unrefreshing or non-restorative

• Perceived need to struggle to overcome inactivity

• Marked emotional reactivity (e.g., sadness, frustration, or irritability) to feeling fatigued

• Difficulty completing daily tasks attributed to feeling fatigued

• Perceived problems with short-term memory

• Post-exertional malaise lasting several hours

The symptoms cause clinically significant distress or impairment in social, occupational, or other important areas of functioning.

There is evidence from the history, physical examination, or laboratory findings that the symptoms are a consequence of cancer or cancer 
therapy.

The symptoms are not primarily a consequence of comorbid psychiatric disorders such as major depression, somatization disorder, somatoform 
disorder, or delirium.

From Bennett et al (3).
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