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Summary

Trapping of muscle metabolites in forearm tissues worsens overall fatigue of CFS patients more 

than that of NC suggesting sensitized fatigue pathways in CFS.
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1. Introduction

Chronic fatigue syndrome (CFS) is a complex illness characterized by severe and prolonged 

disabling fatigue not alleviated by rest [14]. Additional symptoms include sleep disturbance, 

musculoskeletal pain, attention and short-term memory impairments [8]. For many years it 

has been suspected that “tiredness” and muscle pain could be elicited by metabolites 

produced during muscle contractions [1] but little was known about the mechanism of 

fatigue signaling. Since the 1990s, acid-sensing ion channels (ASICs) [53; 54] and transient 

receptor potential channel V1 (TRPV1) [23] were implicated as important metabo-receptors 

for peripheral metabolites like hydrogen ions and lactic acid [15]. However, only after it was 

discovered that ATP can enhance the sensitivity of ASICs to protons and lactate [35; 57] 

thus allowing them to gate sustained currents able to activate sensory nerve endings, the 

existence of metabo-receptors appeared to be firmly established. Subsequently, nerve 

endings containing ASICs have been detected on the outside of small arterioles and venules 

of fascia surrounding muscles bundles [6; 33], readily accessible to muscle produced 

metabolites [11].

Because one of the hallmarks of CFS is often long-lasting fatigue after minor physical 

exertion we hypothesized that muscle metabolites activate fatigue pathways and thus 

contribute to this phenomenon. This hypothesis appeared reasonable because pain and 
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fatigue pathways seem to share similar receptors systems (i.e. ASIC, TRPV1, P2X) and 

sensitization of pain pathways of CFS patients during exercise has been reported previously 

[55]. Whereas healthy normal controls (NC) demonstrated increased pain thresholds, CFS 

patients showed incremental reduction in pain thresholds after modest exercise [55]. 

Normally, exercise increases pain threshold due to endogenous pain modulation including 

the release of endogenous opioids and growth factors [19]. We hypothesized that trapping of 

muscle metabolites in the forearms of CFS patients and NC after vigorous handgrip exercise 

would increase overall fatigue and thus provide indirect evidence for metabolite-induced 

activation of fatigue receptors and sensitization of fatigue pathways. We also tested CFS 

patients’ heat and mechanical hyperalgesia for possible interactions with exercise induced 

fatigue.

2. Methods

The University of Florida Institutional Review Board approved all procedures described in 

this report. Informed consent was obtained from all subjects, and the study protocol 

conformed to the ethical guidelines of the 1975 Declaration of Helsinki.

2.1 Study Subjects

NC came from the local community. CFS subjects were recruited at the Health Science 

Center Outpatient Clinics and through TV advertising. The diagnosis of CFS was made by 

an experienced rheumatologist (R.S.) according to the 1994 International Research Case 

Definition (Fukuda Criteria) [8]. Chronically fatigued subjects were excluded from the study 

if they had any other significant diagnosis outside of CFS, specifically chronic muscle 

disease, major depression, or cancer. Use of analgesics, including non-steroidal anti-

inflammatory drugs (NSAID), tramadol, and acetaminophen, was not allowed during the 

study. No subject was taking narcotic analgesics during the trial. Medication needed for 

treatment of chronic medical conditions, like hypertension or hypothyroidism were 

permitted during the study

2.2 Experimental Design

This study was designed to provide indirect evidence for the contributions of muscle 

metabolites to clinical fatigue. At least some of these metabolites, like H+, lactic acid, and 

ATP are known to not only activate metabo-receptors but also pain receptors (ASIC, 

TRPV1, P2X) [15; 23; 53; 54]. Therefore we also investigated the impact of experimental 

pain on fatigue using mechanical and heat stimuli suited for characterizing mechanical and 

heat pain sensitivity of study subjects.

2.2.1 Testing of Heat and Mechanical Hyperalgesia—Because individuals with CFS 

frequently report chronic pain [4; 28] all study subjects were evaluated for heat and 

mechanical hyperalgesia. Before the handgrip exercises several trains of 10 s heat or 

mechanical stimuli that predominantly activate C-fibers [42; 43; 58; 59] were applied to the 

center of the forearms for testing of heat and mechanical hyperalgesia of the study subjects. 

Stimulus intensities were chosen that have been well tolerated by hyperalgesic subjects in 

previous quantitative sensory testing protocols [47; 48]. The effect of tonic experimental 
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heat and mechanical pain stimuli on clinical fatigue was tested at the forearms of study 

subjects.

2.2.2 Exercise Testing—In a cross-over design, all subjects underwent handgrip 

exercises to exhaustion followed by forearm occlusion or control condition, separated by 

approximately 30 min. Each handgrip exercise was immediately followed by forearm 

occlusion or control condition of identical duration. This way maximal metabolite 

production was likely as forearm occlusion during exercise causes significant pain thus 

limiting exercise duration. During the exercise the subjects rated the intensity of their 

perceived exertion on a Borg Scale every 30 s. Similarly, they were asked to rate the 

intensity of their pain using the VAS every 30 s.

Handgrip Exercise: To establish maximal handgrip force for either hand, the subjects were 

seated at a table. After they rested their exercising forearm comfortably on the table surface, 

they firmly gripped a Jamar Dynamometer (TEC, Clifton, NJ) with one hand compressing it 

at maximal force × 3 in intervals of 1 min. The dial of the dynamometer was visible in a 

mirror facing the subject, and both the subject as well as the investigator could visualize the 

force read-out with every squeeze. Subsequently, for the handgrip exercise, the subjects 

were asked to compress the dynamometer at 50% of their average maximal handgrip force 

and release it synchronized to recorded voice commands of “squeeze” or “release” every 1.5 

s. During the exercise the subjects were asked to rate the level of their perceived exertion 

and their overall pain every 30 s. The participants were strongly encouraged by the 

experimenter to exercise to complete exhaustion. Overall fatigue ratings were obtained at 

baseline, end of the hand grip exercise, after the forearm occlusion or control condition, and 

at the end of the experiment (Figure 1)

Forearm Occlusion: For this experiment a Hokanson E20 Rapid Cuff Inflation System 

(Hokanson, WA) was used. This instrument can inflate a blood pressure cuff placed around 

the upper arm in 0.3 s with pressures of 200 mg Hg and maintain this level for the duration 

of the experiment, resulting in complete occlusion of blood flow to the forearm. Forearm 

occlusion was initiated immediately after the end of the handgrip exercise while the 

extremity remained resting on the table. Ratings of overall fatigue and pain were obtained 

every 30 s. At the end of the forearm occlusion the pressure of the blood pressure cuff was 

rapidly reduced and full circulation was re-established (Figure 1).

2.3 Testing of Mechanical and Heat Sensitivity

2.3.1 Thermal Probe—A Peltier thermode with a contact surface of 3 × 3 cm (9 cm2) 

(Pathways, Medoc Advanced Medical Systems, Ramat Yishai, Israel) was used for the heat 

stimuli. For heat pain testing the probe was brought into firm contact with the skin of the 

forearm for 10 s.

2.3.2 Heat Pain Stimuli—Experimental heat pain was elicited by 10 s pulses to the skin 

overlying the forearms. In order to preferentially activate C-fiber afferents the Peltier probe 

was programmed to gradually increase from warmth (38°C) to target temperature within 6 s. 

Subsequently, it remained at peak temperature for 4 s for a total stimulus duration of 10 s. 
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Stimulus intensities included 46°C and 48°C. Three 10 s heat pulses each were applied to 

each forearm in counterbalanced order. The interval between heat pulses was at least 30 s or 

until pain aftersensations had ceased. All subjects rated the intensity of heat pain at the end 

of each stimulus using the VAS.

2.3.3 Mechanical Probe—A calibrated electronic algometer (Algomed, Medoc 

Advanced Medical System, Ramat Yishai, Israel) was utilized for the pressure stimuli. The 

rubber tip of the algometer was 1 cm in diameter. The algometer has an electronic display 

for pressure readings (kPa) as well as a serial connection to a laptop displaying the pressure 

applied to the forearm by the investigator in real time.

2.3.4 Mechanical Pain Stimuli—Two trains of three 10 s pressure stimuli were applied 

in counterbalanced order to each forearm. After the algometer was placed on the target area, 

pressure was gradually increased to 200 kPa or 400 kPa. The pressure increase ranged from 

33 kPa/s for 200 kPa to 67 kPa/s for 400 kPa stimuli to reach peak pressure within 6 s. 

Subsequently, peak pressure was maintained for an additional 4 s. The subjects provided 

pressure pain ratings at the end of the stimulus. The interval between mechanical stimuli was 

at least 30 s or until pain aftersensations had ceased. The intensity of pressure pain was rated 

at the end of each stimulus using the VAS.

2.4 Ratings of Clinical and Experimental Pain and Fatigue

A 15 cm mechanical VAS (0 – 10) was utilized for ratings of clinical and experimental pain 

and fatigue during the experiments [41]. The scales are anchored on the left with “no fatigue 

(pain) at all” and on the right with “the most intense fatigue (pain) imaginable”. If necessary, 

the VAS scale was fastened with Velcro straps to a stable surface to be used with one hand. 

Although NC subjects were required to be pain free at enrollment, they were asked to rate 

any somatic pains before and after testing session to capture possible new onset symptoms 

like back pain, headaches, etc.

2.5 Borg Rating Scale of Perceived Exertion (RPE)

The Borg scale is an interval scale ranging from 6 to 20, where 6 means “no exertion at all” 

and 20 “maximal exertion” [2]. Participants were asked to select the number from the Borg 

scale that best described their level of exertion. All participants were asked to verbally rate 

their level of exertion during handgrip exercises. They were instructed that their rating of 

perceived exertion should reflect how heavy and strenuous the exercise felt, including all 

sensations and feelings of physical stress, effort, and fatigue. No single factor such as arm or 

shoulder pain or shortness of breath should dominate their exertion rating, instead they were 

asked to focus on their total feeling of exertion

2.6 Data Analysis

Statistical analyses were calculated using SPSS 21.0 software (IBM, Inc., Chicago, IL). 

Demographic data were analyzed with independent t-tests (two tailed). For comparisons of 

exercise related data two-way and three-way repeated measure ANOVAs were used. 

Significance levels were set at alpha < .05. Significant differences between groups were 

always decomposed with independent t-tests (two tailed) and effect sizes reported for each 

Staud et al. Page 4

Pain. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analysis. Our analytic plan focused on a-priori hypotheses. As the omnibus ANOVAs for 

these hypotheses were all statistically reliable, and thus well above that expected by chance 

we chose not to apply correction for multiple comparisons that tend to be excessively 

conservative and might have obscured findings that were targeted a priori. We provided 

effect sizes in addition to descriptive statistics, and significance values to allow the reader to 

evaluate the meaningfulness of statistically significant findings

3. Results

3.1 Study Participants

We enrolled 21 NC subjects (20 females) and 39 subjects with CFS (31 females) into the 

study. Whereas all NC subjects were recruited through advertising, 67 % of all CFS subjects 

came from University of Florida outpatient clinics. 37% of CFS subjects came from TV 

advertising. All CFS subjects fulfilled the 1994 International Research Case Definition 

(Fukuda Criteria) [8]. The mean age (SD) of study participants was 38.9 (16.8) and 45.7 

(13.5) for NC and CFS subjects, respectively. An independent t-test demonstrated no 

significant age differences between the groups (p > .05).

3.2 Handgrip Exercise

All participants performed handgrip exercises to maximal exertion at 50% maximal force 

once with their dominant or non-dominant hand, in cross-over fashion and counterbalanced 

order (Figure 1). Subsequent complete forearm occlusions for trapping of exercise related 

metabolites were always done on the dominant arm (handgrip exercise + forearm occlusion 

= Occlusion Condition) as the dominant forearm generally has more muscle mass than the 

non-dominant forearm [36]. After exercising the non-dominant hand forearm occlusion was 

not performed but data were collected for the same amount of time as during the forearm 

occlusion. This served as a control for the forearm occlusion of the opposite forearm 

(Control Condition).

3.2.1 Estimates of Maximal Handgrip Force and Ratings of Perceived Exertion
—During the occlusion condition the CFS and NC participants maximally compressed the 

dynamometer with their dominant hand using an average force of 26.1 (10.1) and 28.2 (9.6) 

kg, respectively (p > .05). Subsequent repeated handgrip squeezes at 50% maximal force 

were performed for 6.6 (2.4) and 7.0 (2.7) min by NC and CFS subjects, respectively (p > .

05). During the handgrip exercises average ratings of perceived exertion increased from 0 to 

16.5 (1.4) for NC and to 16.8 (1.8) Borg units for CFS participants (p >.05). Maximal 

forearm pain during the exercise was rated as 1.6 (1.6) VAS units by NCs and as 4.2 (2.2) 

VAS units by CFS subjects (t = 5.6; df 50; p < .001).

During the control condition the CFS and NC participants maximally compressed the 

dynamometer with their non-dominant hand using an average force of 26.0 (7.2) and 26.4 

(9.2) kg, respectively (p > .05). Subsequent handgrip exercises at 50% maximal force were 

performed for 5.8 (2.2) and 6.8 (2.7) min by NC and CFS subjects, respectively (p > .05). 

During the handgrip exercises exertion ratings increased from 0 to 16.9 (.7) for NC and to 

16.8 (1.8) Borg units for CFS participants (p >.05). Maximal forearm pain during the 
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exercise was rated as 1.6 (1.6) VAS units by NCs and as 4.2 (2.2) VAS units by CFS 

subjects (t = 4.9; df 86; p < .001).

A repeated measures ANOVA with condition (2) and exercise (max grip force, max 

exertion, exercise duration) as within and diagnostic group (2) as between factors 

demonstrated a significant main effect for exercise ((F2,116) = 251.7; p < .001) but non-

significant main effects for condition (p > .05; ηp
2= .03) and diagnostic group (p > .05; 

ηp
2= .02). All interaction effects were also non-significant (p > .05) demonstrating that 

exercise results were neither different between the occlusive and non-occlusive conditions 

nor between diagnostic groups

3.2.2 Comparison of Occlusion Condition and Control Condition on Fatigue—
Fatigue ratings of NC and CFS participants were obtained at 4 time points during the 

occlusion condition (see 3.2.2.1) and the control condition (see 3.2.2.2), including a) at 

baseline; b) at the end of handgrip exercises; c) end of forearm occlusion or control 

condition; d) at the end of experiment (see Figure 1). A series of ANOVAs was performed 

modeling the effects of these experimental manipulations on fatigue as a cubic function. In 

the first analysis fatigue ratings obtained during the exercise + forearm occlusion were 

compared with ratings obtained during the control condition (exercise + rest). Subsequent 

ANOVAs were used to decompose interaction effects. The initial analysis comprised a 3-

way mixed model ANOVA with condition (2) and exercise manipulations (4) as within and 

group (2) as between subjects’ factors which demonstrated a significant main effect of 

exercise manipulations ((F3,177) = 4.2; p = .007) and group ((F1,59) = 154.4; p < .001) but 

also a non-significant effect of condition ((F1,59) = 2.6; p > .05; ηp
2= .04), However, the 

condition × exercise manipulation interaction effect was highly significant ((F3,177) = 8.3; p 

< .001: ηp
2= .12) indicating that the fatigue changes observed during the forearm occlusion 

was statistically different from the fatigue changes associated with the control condition 

(Figure 6 A and B).

3.2.2.1 Occlusion Condition: Average (SD) fatigue ratings of NC and CFS subjects 

changed after handgrip exercise from baseline of 1.0 (1.9) to 0.6 (1.9) VAS units in NC and 

from 4.8 (2.0) to 4.9 (2.0) units in CFS participants (Figure 2 A). Subsequent forearm 

occlusion increased fatigue ratings to 1.3 (1.6) VAS units in NC and to 5.6 (2.1) VAS units 

in CFS subjects. At the end of the experiment the fatigue ratings of NC and CFS participants 

were .7 (1.3) and 4.4 (1.9) VAS units, respectively. A mixed model ANOVA with time (3) 

as within and diagnostic group (2) as between factors demonstrated a significant main effect 

of time ((F3,49) = 6.1; p = .02) and diagnostic group ((F1,49) = 65.8; p < .001). The time × 

diagnostic group interaction effect, however was non-significant ((F3, 49) = .4; p > .05; 

ηp
2= .008), indicating that the fatigue changes were similar between NC and CFS subjects.

3.2.2.2 Control Condition: During the control condition average (SD) fatigue ratings of NC 

and CFS subjects significantly decreased after the handgrip exercise from a baseline of .5 

(1.0) to .4 (1.2) VAS units.4 (1.3) VAS units in NC and from 5.0 (1.8) to 4.8 (2.2) VAS 

units 4.8 (2.0) VAS units in CFS participants (Figure 2 B). Subsequent control condition 

decreased fatigue ratings to .4 (1.3) VAS units in NC and to 3.7 (2.1) VAS units in CFS 

subjects. At the end of the experiment the fatigue ratings of NC and CFS participants were .
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4 (1.1) and 4.8 (2.0) VAS units, respectively. A mixed model ANOVA with time (3) as 

within and diagnostic group (2) as between subjects’ factors demonstrated a significant main 

effect of time ((F3,49) = 2.7; p = .04) and diagnostic group ((F1,49) = 54.1; p < .001). The 

time × diagnostic group effect, however was non-significant ((F3, 49) = 2.3; p > .05; ηp
2= .

06), indicating that the fatigue changes were similar between NC and CFS subjects.

3.3 Heat Pain Testing

3.3.1 Effects of Handgrip Exercise on Heat Pain Ratings

3.3.1.1 Effects on 44 °C Heat Pain Ratings: All subjects underwent heat pain testing at 

44°C and 46°C for 10 s at the forearm before and after the handgrip exercise. Average (SD) 

pain ratings of 44°C stimuli of NC changed from 2.6 (1.6) to 1.9 (1.0) VAS units and in CFS 

subjects from 3.7 (1.6) to 3.5 (1.6) VAS units (Figure 2 A). A repeated measures ANOVA 

with time (2) as within and diagnostic group (2) as between group factors demonstrated 

significant main effects for diagnostic group ((F1,45) = 8.9; p = .005) and non-significant 

effects for time ((F1,45) = 1.66; p > .05; ηp
2= .04) and time × diagnostic group interaction 

((F1,45) = 4.2; p > .05; ηp
2= .09). These results demonstrate heat hyperalgesia in CFS 

subjects and indicate that the magnitude of heat sensitivity at 44°C was not significantly 

affected by handgrip exercise.

3.3.1.2 Effects on 46 °C Heat Pain Ratings: Average (SD) pain ratings of 46 °C stimuli of 

NC changed from 2.8 (2.0) to 2.7 (2.3) VAS units and in CFS subjects from 3.9 (2.2) to 4.3 

(2.5) VAS units (Figure 2 B). A repeated measures ANOVA with time (2) as within and 

diagnostic group (2) as between group factors demonstrated significant main effects for 

diagnostic group ((F1,52) = 4.4; p = .04) and non-significant effects for time ((F1,51) = .65; 

p > .05; ηp
2= .01) and time × diagnostic group interaction ((F1,52) = 1.5; p > .05; ηp

2= .03). 

The results of both tests demonstrate heat hyperalgesia in CFS subjects and indicate that the 

magnitude of heat hyperalgesia was not significantly affected by handgrip exercise.

3.3.2 Effects of Heat Pain Testing on Fatigue—Average (SD) fatigue ratings 

obtained from NC at baseline and after heat pain testing ranged between 1.6 (2.1) and .45 

(1.0) VAS units and in CFS subjects between 5.0 (1.9) and 4.9 (2.0) VAS units (Figure 3). A 

repeated measures ANOVA showed a significant main effect for time ((F1,52) = 5.8; p = .

02) and diagnostic group ((F1,52) = 66.4; p < .001) but a non-significant time × diagnostic 

group interaction effect ((F1,52) = 4.0; p > .05; ηp
2= .07). These findings indicate that 

fatigue ratings of CFS subjects were significantly higher than NC's ratings. In addition, the 

fatigue ratings significantly decreased after heat pain testing. This effect was similar in NC 

and CFS subjects.

3.4 Pressure Pain Testing

3.4.1 Effects of Handgrip Exercise on Pressure Pain—The subjects underwent 

pressure pain testing at 200 kPa and 400 kPa for 10 s at the forearm before and after the 

handgrip exercise.

3.4.1.1 Effects on 200 kPa Pressure Pain Ratings: Average (SD) pain ratings of 200 kPa 

stimuli of NC to the forearms changed from .4 (1.2) to .6 (1.2) VAS units and in CFS 
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subjects from 2.9 (2.5) to 2.6 (2.2) VAS units (Figure 4A). A repeated measures ANOVA 

with time (2) as within and diagnostic group (2) as between group factor demonstrated 

significant main effects for diagnostic group ((F1,54) =16.5; p < .001) and non-significant 

effects for time ((F1,54) = .24; p > .05; ηp
2= .004) and time × diagnostic group interaction 

effect ((F1,54) = 1.7; p > .05; ηp
2= .03). These results provide evidence for mechanical 

hyperalgesia in CFS subjects and indicate their magnitude of mechanical hyperalgesia which 

was not significantly affected by handgrip exercise.

3.4.1.2 Effects on 400 kPa Pressure Pain Ratings: Average (SD) pain ratings of 400 kPa 

stimuli of NC to the forearms changed from 1.6 (2.1) to 1.6 (2,0) VAS units and in CFS 

subjects from 4.2 (2.6) to 4.2 (2.6) VAS units (Figure 4B). A repeated measures ANOVA 

with time (2) as within and diagnostic group (2) as between group factor demonstrated 

significant main effects for diagnostic group ((F1,54) =15.0; p < .001) and non-significant 

effects for time ((F1,54) = .1; p > .05; ηp
2= .00) and time × diagnostic group interaction 

effect ((F1,54) = .4; p > .05; ηp
2= .001). These results provide evidence for mechanical 

hyperalgesia in CFS subjects and indicate their magnitude of mechanical hyperalgesia which 

was not significantly affected by handgrip exercise.

3.4.2 Effects of Pressure Pain Testing on Fatigue—Average (SD) fatigue ratings 

obtained from NC at baseline and after pressure pain testing at the forearms ranged between 

1.5 (2.1) and .45 (1.0) VAS units and in CFS subjects between 5.1 (2.0) and 4.8 (2.0) VAS 

units (Figure 5). A repeated measures ANOVA showed a significant main effect for time 

((F1,54) = 6.9; p = .01) and diagnostic group ((F1,54) = 70.0; p < .001) but a non-significant 

time × diagnostic group interaction effect ((F1,54) = 2.9; p > .05; ηp
2= .05). These findings 

indicate that overall fatigue ratings of CFS subjects were significantly higher than NC 

ratings. In addition, the fatigue ratings significantly decreased after pressure pain testing. 

This effect was similar in NC and CFS subjects.

4. Discussion

CFS patients who underwent exhausting handgrip-exercises demonstrated significantly 

increased fatigue ratings after exercise related metabolites were trapped in their arms by 

complete forearm occlusion. In contrast, CFS patients’ fatigue ratings significantly 

decreased during the non-occlusive control condition. Similar, but significantly smaller 

effects were observed in NC suggesting that hypersensitive fatigue pathways play an 

important role for the often pronounced exercise related fatigue of CFS patients. The rapid 

return of fatigue ratings to baseline after termination of forearm occlusion also supports this 

conclusion. Because the forearm occlusion after exercise resulted in worsening of overall 

fatigue, central fatigue mechanisms may have become activated by this manipulation. 

Importantly, physical exertion itself did not seem to contribute directly to fatigue as fatigue 

ratings immediately obtained after exercise were not different compared to baseline. 

Because both fatigue and pain ratings increased during forearm occlusion of CFS patients, 

activation of pain pathways may have contributed to fatigue intensity. However, as 

demonstrated by our experiments, when similar experimental pain was induced in CFS 

patients without forearm occlusion, significant reductions in fatigue ratings were noted, 
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suggesting that activation of sensitized deep tissue-receptors is critical for exercise + 

occlusion related fatigue.

4.1 Effects of exercise on CFS

The mechanisms of often pronounced exercise associated fatigue of CFS patients are only 

partially understood [18]. Muscle function at rest and during recovery is normal in CFS 

patients as assessed by maximum isometric voluntary contraction, tetanic force-ratio and 

maximum relaxation rate testing [10]. One study showed that exercise duration and the 

relationship between heart rate and work effort during exercise were similar in CFS patients 

and NC [10]. CFS patients, however, had higher perceived exertion scores than NC, despite 

normal muscle physiology before and after exercise [10]. Other studies demonstrated that 

both submaximal exercise and self-paced, limited exercise could trigger post-exertional 

malaise in CFS patients [50]. Specifically, decreased pressure pain thresholds during 

submaximal exercise were associated with post-exertional fatigue of CFS patients 

suggesting abnormal central pain processing during exercise. Some investigators could show 

that following moderate exercise, CFS patients exhibited significantly increased mRNA 

expression of metabolite-detecting receptor and adrenergic receptor genes which was 

observed shortly after onset of exercise [24]. More importantly, there were strong 

correlations between increased mRNA expression of metabo-receptor genes (ASIC3, 

TRPV1, P2X4, P2X5) of CFS patients and their reports of increased mental fatigue over 

several days following exercise. Similar correlations between metabo-receptor gene 

expression and CFS patients’ pain reports were observed after exercise challenges [24].

4.2 Muscle Metabolites and CFS

CFS is characterized by mental and physical fatigue, as well as muscle pain at rest, often 

exacerbated by exercise. Although a specific defect in muscle metabolism has not been 

clearly defined, several studies have reported abnormal oxidative metabolism, including 

increased activity of antioxidant enzymes catalase, glutathione peroxidase, transferase, and 

increases in total glutathione plasma levels [9]. Furthermore, a deficiency of serum 

acylcarnitine has been found [20], which could result in abnormalities of mitochondrial 

function. Reduced oxidative metabolism [25; 56] and higher plasma lactate concentration 

[44] have also been reported in CFS patients. However, many of these results were obtained 

in small trials and thus are considered controversial. For example, although a marked 

decrease of intracellular pH after moderate exercise and a lower rate of ATP synthesis 

during recovery have been reported in CSF patients [21] the results of VO2(max), HR(max), 

and the lactate threshold in CFS patients of both genders were not different from expected 

values in healthy sedentary age-matched NC [46]. Some of these differences may be related 

to differences in testing methodology but there is currently no clear evidence for specific 

muscle abnormalities in CFS available.

Other studies measured muscle metabolites of CFS patients in the medial gastrocnemius 

using (31)P-magnetic resonance spectroscopy while recording muscle oxygen saturation and 

blood volume with near-infrared spectroscopy [26; 27]. CFS and controls were not different 

in hyperemic blood-flow or phosphocreatine recovery rate after partially restricted blood-
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flow to the extremity. CFS patients showed evidence of reduced hyperemic flow and 

reduced oxygen delivery but no evidence of abnormal muscle metabolism

Overall there is only inconsistent evidence available for metabolic muscle abnormalities in 

CFS patients, either at rest or after exercise. Thus other possibilities need to be considered 

including fatigue signaling via sensitized metabo-receptors.

4.2 Activation of Fatigue Pathways

Over the last 15 years, investigators have repeatedly examined serum cytokine profiles of 

patients with CFS after earlier studies suggested an enhanced pro-inflammatory profile with 

high levels of TNF-α and IL-6 in this chronic illness [12; 34]. However, more recent 

investigations have not supported this link between CFS and pro-inflammatory cytokine-

profiles [38; 49]. Another study which investigated exercise induced cytokine profiles in 

CFS patients demonstrated increased levels after a mild leg-exercise task (15 min of stair-

step exercise) including IL-6 and IL-1ß as well as augmented lipo-polysaccharide-stimulated 

IL-6 levels [3]. However, this study failed to induce increased fatigue or other symptoms. 

Overall, despite the well-known ability of cytokines to induce fatigue and central 

sensitization [17], there is little evidence for the contribution of cytokines to exercise-related 

worsening of fatigue at this time.

The most robust evidence for activation of fatigue pathways by muscle metabolites comes 

from a recent study of NC where the investigators applied physiological concentrations of 

protons, lactate, and ATP to abductor pollicis muscles of the hands [39]. Importantly, 

infusion of single metabolites or metabolite combinations found in resting muscles (H+, 

lactate, ATP) evoked neither fatigue nor pain. However, injections of the same metabolites 

in concentrations found in muscle during moderate endurance exercise were strongly 

associated with fatigue-like sensations or “warmth” and “tired” in NC. This effect was dose 

dependent, i.e. higher doses produced stronger fatigue sensations but also pain. Thus, 

simultaneous intramuscular infusion of protons, lactate and ATP resulted in fatigue-like 

sensation and pain, possibly through activation of ASIC, TRPV1, and P2X receptors. These 

sensations, however, were described as local and not generalized.

Our study confirms and extends these findings in patients with CFS in two ways: 1) we 

elicited significant fatigue changes in NC and patients with CFS through entrapment of 

muscle metabolites after vigorous exercise; 2) the significantly greater increase of overall 

fatigue in CFS patients during forearm occlusion compared to NC provides evidence for 

sensitization of fatigue pathways in CFS. The observed increase in overall and not just local 

fatigue suggests a central effect.

4.4 Evidence for Central Sensitization in CFS

Central sensitization is a phenomenon of increased central neuronal responsiveness 

associated with hyperalgesia, allodynia, and referred pain across multiple spinal segments, 

often leading to chronic widespread pain [5; 22].There is increasing evidence supporting the 

important role of central sensitization for pain and possibly also fatigue in CFS patients [37]. 

Symptoms like fatigue, non-refreshing sleep, concentration difficulties, impaired short-term 

memory, sensitivity to bright light and chemicals, and widespread pain are suggestive of 
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central nervous system involvement in CFS. A case–control study reported lower pressure 

pain thresholds in painful and painless body areas of CFS patients compared with healthy 

NC which was not explained by depression, hypervigilance or catastrophizing [29]. In the 

absence of detectable tissue damage, the presence of secondary hyperalgesia and widespread 

distribution of pain in CFS patients suggest abnormal central processing mechanisms for 

chronic pain and maybe also fatigue. The findings of our current study are consistent with 

these data as we also report mechanical and heat hyperalgesia of CFS patients in body areas 

without detectable tissue injury. Two studies compared the pain thresholds to electrical 

stimulation of muscle tissue, skin and subcutaneous tissues between patients with CFS and 

NC [51; 52]. No difference in electrical pain thresholds of cutaneous structures were 

observed, but much lower electrical pain threshold of muscle tissue were found in the CFS 

group (i.e. trapezius, deltoid and quadriceps muscle) [51; 52].

It is unclear at this time whether CFS patients who also report chronic pain differ from those 

who complain only of disabling fatigue or whether all CFS patients are similar. Given the 

high prevalence of chronic pain in CFS patients [4; 28; 30] the latter explanation appears 

more likely.

4.5 Limitations

Although animal experiments have provided convincing evidence for the important role of 

H+, ATP and lactate in activating metabo-receptors we can only speculate that the fatigue 

and pain sensations elicited by our exercise protocol were triggered by such metabolites. 

Recent data obtained in NC after metabolite injection into muscles seems to support this 

particular fatigue mechanism [40]. However, several other mediators have been found in 

muscles after exercise, including bradykinin, potassium, prostaglandin-E2, and various 

cytokines [7; 13; 16; 31; 32; 45]. It is therefore possible that they either directly activate or 

enhance the sensitivity of metabo-receptors in CFS.

5. Conclusions

Our study provided evidence for sensitized fatigue pathways in CFS patients. In addition, 

there was evidence for contributions of peripheral tissues to fatigue, most likely from 

muscles. Forearm occlusion seemed to be effective in trapping metabolites from exercised 

muscles resulting in increased overall and not just local fatigue. Thus trapped muscle 

metabolites may have activated peripheral and central fatigue pathways via metabo-

receptors, including ASIC, TRPV1, and P2X.
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Figure 1. 
Experimental Design of Handgrip Exercise Testing: Handgrip exercise to exhaustion was 

performed by all subjects using a cross-over design. After maximal grip strength had been 

established, each participant exercised at 50 % maximal grip strength for up to 10 min 

followed by forearm occlusion or the control condition in counterbalanced order. Complete 

forearm occlusions for up to 10 min were always done on the dominant arm after the 

handgrip exercise using a blood pressure cuff. During the control condition, a non-inflated 

blood pressure cuff was tightly wrapped around the upper part of the exercised extremity for 

up to 10 min serving as control condition. The red arrows represent time points at which 

overall fatigue ratings were obtained from all participants at baseline, after handgrip 

exercise, after forearm occlusion (or control condition), and at the end of the experiment.
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Figure 2. 
NC and CFS subjects received 10 s heat stimuli to each forearm to characterize their heat 

pain sensitivity at baseline and after handgrip exercises. Heat intensity increased from 

baseline to target temperature in 6 s and was continued at this level for another 4 s. All 

subjects rated the heat pain intensity at the end of each stimulus using a VAS (0-10). The 

experimental pain ratings of 3 trials per arm were averaged

A: Average (SEM) heat pain ratings of 44°C heat stimuli to the forearm were significantly 

greater in CFS subjects than NC (p = .005). However, within each group there was no 

statistical difference between experimental pain ratings obtained before and after handgrip 

exercise (p > .05).

B: Average (SEM) heat pain ratings of 46°C heat stimuli to the forearm were significantly 

greater in CFS subjects than NC (p = .005). However, experimental pain ratings obtained 

before and after handgrip exercise were not statistical different within each group (p > .05).
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Figure 3. 
The effect of heat pain testing on fatigue was assessed in all study subjects. The subjects 

received trains of 44°C and 46°C heat stimuli to the forearms for 10 s each. Fatigue was 

assessed at baseline and after heat pain testing using the VAS (0-10). Fatigue ratings of CFS 

subjects were significantly higher than NC ratings. Fatigue ratings significantly decreased 

after heat pain testing but this effect was not significantly different between NC and CFS 

subjects.
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Figure 4. 
NC and CFS subjects received 10 s pressure stimuli to each forearm to characterize their 

mechanical pain sensitivity at baseline and after handgrip exercises. Pressure was increased 

from baseline to target temperature in 6 s and then continued at this level for another 4 s. All 

subjects rated the pressure pain intensity at the end of each stimulus using the VAS (0-10). 

The experimental pain ratings of 3 trials per arm were averaged

A: Average (SEM) pressure pain ratings of 200 kPa pressure stimuli to the forearm were 

significantly greater in CFS subjects than NC (p < .001). However, within each group there 

was no statistical difference between experimental pressure pain ratings obtained at baseline 

and after handgrip exercise (p > .05).

B: Average (SEM) heat pain ratings of 400 kPa pressure stimuli to the forearm were 

significantly greater in CFS subjects than NC (p < .001). However, experimental pressure 

pain ratings obtained before and after handgrip exercise were not statistical different within 

each group (p > .05).
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Figure 5. 
The effect of pressure pain testing on fatigue was assessed in all study subjects. The subjects 

received trains of 200 kPa and 400 kPa pressure stimuli to the forearms for 10 s each. 

Fatigue was assessed at baseline and after pressure pain testing using the VAS (0-10). 

Fatigue ratings of CFS subjects were significantly higher than NC ratings. Fatigue ratings 

significantly decreased after pressure pain testing but this effect was not significantly 

different between NC and CFS subjects.
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Figure 6. 
All NC and CFS subjects performed handgrip exercises to maximal exertion followed A) by 

complete forearm occlusion to trap exercise related metabolites or B) by a non-occlusive 

control condition. All subjects rated their overall fatigue at baseline, after handgrip exercise, 

after forearm occlusion (or control condition), and at the end of the experiment.

A: During the exercise + forearm occlusion experiment average (SEM) fatigue ratings of 

CFS participants significantly increased from the end of exercise to the end of the occlusion 

period, followed by a reduction in fatigue ratings at the end of the experiment (p = .02). NC 

demonstrated a similar time course of fatigue ratings albeit of lesser magnitude. The fatigue 

ratings of CFS subject were significantly higher than NC (p < .001) indicating sensitization 

of fatigue pathways of CFS participants.

B: In contrast, during the exercise + control condition, average (SEM) fatigue ratings of 

CFS subjects significantly decreased from baseline to the end of the control condition (p = .

04). Again NC showed a similar time course of fatigue ratings but of lesser magnitude (p < .

001) demonstrating sensitization of fatigue pathways of CFS subjects. The time course of 

fatigue ratings during the exercise + forearm occlusion (A) was statistically different from 

the time course of fatigue ratings during the exercise + control condition (B) in CFS patients 

and NC (p < .001).
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