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Abstract

Objective

To determine cardiorespiratory fitness and neuromuscular function of people with CFS and

FMS compared to healthy individuals.

Design

Systematic review and meta-analysis.

Data sources

PubMed, Medline, CINAHL, AMED, Cochrane Central Register of Controlled Trials (CEN-

TRAL), and PEDro from inception to June 2022.

Eligible criteria for selecting studies

Studies were included if presenting baseline data on cardiorespiratory fitness and/or neuro-

muscular function from observational or interventional studies of patients diagnosed with

FMS or CFS. Participants were aged 18 years or older, with results also provided for healthy

controls. Risk of bias assessment was conducted using the Quality Assessment Tool for

Quantitative Studies (EPHPP).

Results

99 studies including 9853 participants (5808 patients; 4405 healthy controls) met our eligibil-

ity criteria. Random effects meta-analysis showed lower cardiorespiratory fitness (VO2max,

anaerobic threshold, peak lactate) and neuromuscular function (MVC, fatigability, voluntary
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activation, muscle volume, muscle mass, rate of perceived exertion) in CFS and FMS com-

pared to controls: all with moderate to high effect sizes.

Discussion

Our results demonstrate lower cardiorespiratory fitness and muscle function in those living

with FMS or CFS when compared to controls. There were indications of dysregulated

neuro-muscular interactions including heightened perceptions of effort, reduced ability to

activate the available musculature during exercise and reduced tolerance of exercise.

Trail registration

PROSPERO registration number: (CRD42020184108).

Introduction

The incidence of Fibromyalgia Syndrome and Chronic Fatigue Syndrome (FMS, CFS) is esti-

mated to be 1.0–2.7% of the worldwide population, with 2–3 times higher prevalence for

females than males [1–5]. Both syndromes are difficult to identify and diagnosis usually fol-

lows recommendations of 2010 FMS diagnostic criteria and the 2015 IOM diagnostic criteria

for ME/CFS [6, 7]. However, these criteria are not entirely objective [8–11] and concerns

remain about their implementation [12]. This leads to delayed diagnosis which impacts on

quality of life for those affected [10] before clinical management plans can be implemented.

CFS and FMS conditions overlap substantially through the shared symptom of chronic

fatigue which occurs in the absence of intense or prolonged physical activity and is not neces-

sarily ameliorated by rest [13]. FMS also causes widespread musculoskeletal pain in the

absence of any structural or morphological abnormalities of skeletal muscle tissue from histo-

logical and imaging analysis [9, 14, 15].

The origin and pathophysiology of these syndromes are not fully understood [2, 16]. They

may arise due to “sensitisation” of central and/or peripheral nervous systems to sensory stimuli

[14, 17–20]: afferent signals originating in the periphery may be amplified ahead of processing

in the central nervous system [21] leading to a hypersensitisation of typical somatosensory sti-

muli during everyday activities. If this were the case, then physical activity should aggravate

symptoms, which is consistent with patient reports of discomfort during exercise [22, 23],

reduced exercise tolerance [24–26] and relatively low habitual physical activity levels [27, 28].

Aberrant somatosensory signalling may reduce cardiorespiratory fitness and neuro-muscular

function and increase perceptions of effort to levels excessive for the respective physiological

strain, but this remains unclear due to conflicting reports, heterogeneity of methodological

approaches or few studies including relevant outcome data in the literature. Previous reviews

investigated cardiorespiratory fitness and neuromuscular function in CFS and FMS, finding

that peak oxygen consumption was reduced while muscle strength and rate of perceived exer-

tion were increased [5, 25, 29, 30]. However, the possible underlying physiological processes of

the lower physical function remain unclear.

The aim of this systematic review and meta-analysis was to determine physical performance

of people living with CFS and FMS compared with healthy controls, and to identify possible

underlying physiological processes associated with reduced physical performance of the

patient groups. Physical performance was classified into two main components: cardiorespira-

tory fitness and neuromuscular function. Cardiorespiratory fitness was taken as the peak rate
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of oxygen uptake (VO2peak: measured during incremental exercise) and anaerobic threshold.

Secondary indicators were collected where available to understand possible causes of reduced

cardiorespiratory fitness, including peak lactate measurements, peak heart rates and ratings of

perceived exertion (RPE). Neuromuscular function was characterised as maximal voluntary

contraction (MVC), performance fatigability [31], voluntary activation (the ability to fully acti-

vate available motor units during MVC), alongside measures of skeletal muscle mass, and rate

of perceived exertion.

Methods

The present systematic review is reported in accordance with the Preferred Items for System-

atic Reviews and Meta-Analyses (PRISMA) guidelines [32]. Methods of the analysis and inclu-

sion criteria were pre-specified and registered on the International Prospective Register of

Systematic Reviews (PROSPERO: protocol-CRD42020184108). Full ethical approval was given

from the Science and Engineering Research Ethics and Governance Committee at Manchester

Metropolitan University (reference number 23820).

Eligibility criteria

Studies were included if they were observational or interventional designs providing data for

patients with diagnosed CFS or FMS. Participants needed to be aged 18 years or older and

studies needed to provide results for healthy controls. For interventional studies only the base-

line data were included.

VO2peak, ventilatory threshold and/or lactate measurements were classified as cardiorespi-

ratory fitness outcomes. Peak heart rate and RPE during incremental exercise were also

recorded to indicate whether incremental exercise tests were terminated before the estimated

peak heart rate was achieved. MVC, fatigability, voluntary activation, muscle mass or volume

were recorded as neuromuscular outcomes. Fat mass and RPE during fatigue tests were also

recorded.

Studies were excluded if presenting results from animal models, if they included partici-

pants aged younger than 18 years, if they were not peer reviewed or not written in English

language.

Search strategy

PubMed, Medline, CINAHL, AMED, Cochrane Central Register of Controlled Trials (CEN-

TRAL), and PEDro databases were searched using keywords and medical subject headings

structured in a PICO framework (S4 File). Initial literature searches were conducted between

April—June 2020 and updated then updated to June 2022.

Selection process

Search results were collated in referencing software (EndNote X9 –Clarivate Analytics) and

shared between two independent researchers (FZ and PDO). Records were removed if titles

and abstracts clearly showed they were not eligible. Full texts of the remaining records were

screened by the two independent researchers (FZ and PDO). Disagreements about whether a

study should be included were resolved by discussion with a third researcher (JM).

Data items and collection process

Included studies were read in full and the relevant data were entered to a Microsoft© Excel

spreadsheet. The following data were extracted from each included study: type of diagnosis
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(CFS and/or FMS) publication details, sample size, subjects’ characteristics (age-sex), diagnos-

tic criteria, participants’ matching type, outcome assessments and details of test protocols.

If data from the studies were not available, or were incomplete, they were not included for

further analysis. Where data were reported only in a figure format without any possibility to

precisely extract their values, the corresponding author of that study was contacted for the

numerical data. If the data could not be provided or no answer was received, the study was

excluded from further analysis.

Risk of bias assessments

Risk of Bias was assessed using the Quality Assessment Tool for Quantitative studies (EPHPP)

[33] covering six domains: 1) selection bias (representation of the target population), 2) study

design, 3) confounding factors, 4) blinding, 5) data collection method and, 6) withdrawal.

Components 2 and 4 were excluded since they relate primarily to intervention studies [34].

Studies were evaluated for components 1, 3, 5 and 6 as strong, moderate, or weak depending

on the number of parts evaluated as weaker (i.e., two or more weak evaluations was recorded

as a low study quality; only one, or no weak points was recorded as high study quality).

A risk of bias tool from Nijs et al. [5] was applied to improve the quality ratings of the con-

founding domains of the EPHPP tool across eight domains: 1) presence of a priori power cal-

culations; 2) controls comparable for age; 3) gender; 4) body height or weight; 5) physical

activity level; 6) presence of sedentary subjects; 7) blinded assessments; and 8) medications

wash-out prior to the tests. If reaching a score lower than 50% on the specific tool from Nijs

[5], the confounding domain was rated as weak. This process helped to define specific

cofounding factors as applied in previous reviews [5, 29] (S4 File).

Sensitivity analysis [35] was completed to examine possible differences in outcomes based

on the risk of bias and a further subgroup analysis was conducted on the low risk of bias stud-

ies if heterogeneity was still present (I2>40%).

Data synthesis

Continuous data were pooled using a random-effect meta-analysis using the inverse variance

method, with the measure of effect between patient and control groups being standardized

mean differences (SMD) and 95% confidence intervals. Effect size thresholds were consid-

ered at 0.2, 0.5 and 0.8 for small, moderate and large effect sizes, respectively [34]. Where

results were stratified by sex, the male and female samples were combined to derive a single

effect [36]. Combined means and standard deviations for Wåhlén et al. [37], Sargent et al.

[38] and Vermeulen et al. [39, 40] were calculated using the method described in the

Cochrane Handbook [36]. Studies reporting the median and interquartile range or mini-

mum and maximum range were transformed into mean and SD from the Microsoft© Excel

spreadsheet tool provided by Wan et al. [41]. Heterogeneity was classified in four domains:

1) might not be important (I2 = 0% - 40%), 2) may represent moderate heterogeneity (I2 =

30% - 60%), 3) may represent substantial heterogeneity (I2 = 50% - 70%), or 4) considerable

heterogeneity (I2 = 70–100%) using the criteria proposed by Higgins et al. [42]. Initially all

the samples for each outcome were included within a single model, but if heterogeneity was

considered important (I2 >40%) further subgroup analysis was conducted on the potential

source of heterogeneity. All meta-analyses and subgroup analyses were performed using Rev-

Man 5.4 software. The a priori level of significant difference was set at p<0.05. Pooled data

are presented as Cohen’s d standardized mean difference (SMD) with 95% confidence inter-

vals. Our primary approach was to combine results of patients with CFS and FMS for com-

parison to healthy controls, given the overlap that is present between the two syndromes
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[43–45] and the small sample sizes. This approach was also implemented in a previous sys-

tematic review with meta-analysis [46]. However, we have also provided a subgroup analysis

differentiating studies from FMS and CFS for each available outcome measurement (Figs 3

and 4 and S3 File).

Results

Selection of studies

A total of 7984 records were identified and 99 of those met the inclusion criteria (Fig 1). From

the 99 studies, 40 of them reported cardiorespiratory fitness outcomes, 28 reported muscle

function outcomes, 10 reported body composition outcomes and the remaining 21 studies

Fig 1. The 2020 prisma flow diagram. Flow diagram for selection and inclusion of studies.

https://doi.org/10.1371/journal.pone.0276009.g001
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included outcomes of cardiorespiratory fitness and muscle function and body composition.

Summary of overall results are reported in Fig 2 and S2 File.

Cardiorespiratory fitness

VO2peak. Data from 52 studies showed a significant difference between patient and con-

trol groups, with a large effect size (SMD = -0.86, 95%CI = -1.04 to -0.69) revealing lower VO2

peak values for patients. Heterogeneity was classified as substantial (I2 = 80%).

Studies with lower risk of bias included 875 patients and 643 healthy controls (I2 = 51%),

again revealing lower VO2peak values for patients compared with healthy controls but with a

moderate effect size (SMD = -0.61; 95%CI = -0.77, -0.46).

Anaerobic Threshold (AT). The 16 included studies showed that patients had signifi-

cantly lower AT values than controls with a large effect size (SMD-0.86, 95%CI = -1.12 to

-0.60). Heterogeneity was classified as substantial (I2 = 57%).

Studies with low risk of bias included 412 patients and 214 healthy controls (I2 = 66%).

They also showed lower AT for patients compared with healthy controls with large effect size

(SMD = -0.80; 95%CI = -1.15, -0.46).

Peak lactate. Data from 11 studies showed that patients had significantly lower peak lac-

tate values than controls (Z = 3.44, p = 0.00001), with a large effect size (SMD = -0.84, 95%CI

= -1.33 to -0.36). Heterogeneity was classified as substantial (I2 = 80%).

Studies with low risk of bias included 82 patients and 81 healthy controls (I2 = 41%). They

also showed lower peak lactate for patients, but with small effect size (Z = 1.50, p = 0.13; ES =

-0.27; 95%CI = -0.62, 0.08).

Peak heart rate. Thirty-nine studies showed that patients had significantly lower peak HR

than controls at the end of incremental exercise, even when normalized to age. There was a

moderate-high effect size (SMD = -0.64, 95%CI = -0.77 to -0.50) and heterogeneity was classi-

fied as substantial (I2 = 58%).

Studies with low risk of bias included 1025 patients and 813 healthy controls (I2 = 26%).

They also showed lower peak HR for patients, but with large effect size (SMD = -0.57; 95%CI =

-0.70, -0.44).

Fig 2. Effect size of differences in cardiorespiratory and neuromuscular outcomes in CFS and FMS compared with

healthy controls. Numbers in brackets indicate the number of studies reporting each variable. Abbreviations: MVC:

Maximal Voluntary Contraction; RPE: rating of perceived exertion. �p<0.05 for overall effect size.

https://doi.org/10.1371/journal.pone.0276009.g002
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Neuromuscular function

Maximal Voluntary Contraction (MVC). Data from 42 studies showed significant differ-

ence between groups, revealing lower MVC values for patients and a large effect size (SMD =

-0.93, 95%CI = -1.12 to -0.75). Heterogeneity was classified as substantial (I2 = 89%).

Studies with low risk of bias included 864 patients and 667 healthy controls (I2 = 39%).

They showed a moderate decrease of MVC for patients (SMD = -0.63; 95%CI = -0.78, -0.49).

Fatigability. Fifteen studies were included, showing that patients were more fatigable

than controls with a large effect size (SMD = -0.88, 95%CI = -1.19 to -0.57). Heterogeneity was

classified as substantial (I2 = 84%).

Studies with low risk of bias included 135 patients and 85 healthy controls (I2 = 70%). They

also showed patients to be more fatigable than controls with moderate effect size; (SMD =

-0.47; 95%CI = -0.77, -0.18).

Voluntary activation. Seven studies considered voluntary activation, providing data of

145 patients and 147 healthy controls. Patients had lower voluntary activation than controls

with moderate effect size (SMD = -0.34, 95%CI = -0.70 to 0.03). Heterogeneity was classified

as moderate (I2 = 54%). Further sub-group analysis was not completed due to the low number

of available studies.

Muscle mass. Data from 11 studies showed similar muscle mass for patients and controls

and small effect size (SMD = -0.14, 95%CI = -0.30 to 0.02). Heterogeneity was classified as sub-

stantial (I2 = 70%).

Studies with low risk of bias included 173 patients and 171 healthy controls (I2 = 0%). They

showed no difference in muscle mass for patients compared to healthy controls (SMD = -0.00;

95%CI = -0.21, 0.21).

Muscle volume. Four studies considered thigh muscle volume (quadriceps, hamstrings),

providing data of 63 patients and 58 healthy controls. Patients had lower muscle volume than

controls (Z = 2.96, p = 0.003), with moderate effect size (SMD = -0.56, 95%CI = -0.92 to -0.19).

There was no indication of heterogeneity (I2 = 0%). Further sub-group analysis was not com-

pleted due to the low number of available studies.

Fat mass. Data from 16 studies showed higher fat mass for patients compared to controls

with moderate effect size (SMD 0.36, 95%CI = 0.22 to 0.50). Heterogeneity was classified as

moderate (I2 = 55%).

Studies grouped as low risk of bias included 184 patients and 182 healthy controls (I2 =

0%). They showed similar fat mass for patients and controls with small effect size

(SMD = 0.21; 95%CI = 0.00, 0.41).

Perception indicators

Rate of Perceived Exertion (RPE). Mean and Peak RPE outcomes were available for 29

studies covering cardiopulmonary fitness and muscle function. RPE was significantly higher

for patients than controls for the given workload, with moderately large effect size (SMD 0.84,

95%CI = 0.60, 1.08). Heterogeneity was classified as substantial (I2 = 77.0%).

Studies with low risk of bias included 330 patients and 336 healthy controls (I2 = 53%).

They showed higher RPE for patients than controls and a large effect size (SMD = 1.06; 95%

CI = 0.81, 1.31).

Comparison of results for FMS and CFS. Figs 3 and 4 present the results for FMS and

CFS separately. Sub-group analysis was performed to determine whether, compared with their

respective healthy controls, the functional reductions of FMS were different from those of

CFS. The results showed no significant differences between the two (FMS and CFS) for
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cardiorespiratory fitness or neuromuscular function outcomes, except for MVC which was rel-

atively lower for FMS than CFS (p = 0.04).

Discussion

Summary of the main findings

This systematic review and meta-analysis included 99 studies detailing results of CFS and/or

FMS patients compared with their healthy counterparts. The results showed lower VO2peak,

AT, and MVC for patients compared with controls. We further sought to understand the

underlying causes of their lower physical function by exploring the possibility of patients

Fig 3. Effect size of differences in cardiorespiratory and neuromuscular outcomes in CFS compared with healthy

controls. Numbers in brackets indicate the number of studies reporting each variable. Abbreviations: MVC: Maximal

Voluntary Contraction; RPE: rating of perceived exertion. �p<0.05 for overall effect size.

https://doi.org/10.1371/journal.pone.0276009.g003

Fig 4. Effect size of differences in cardiorespiratory and neuromuscular outcomes in FMS compared with healthy

controls. Numbers in brackets indicate the number of studies reporting each variable. Abbreviations: MVC: Maximal

Voluntary Contraction; RPE: rating of perceived exertion. �p<0.05 for overall effect size.

https://doi.org/10.1371/journal.pone.0276009.g004
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having lower muscle mass, reduced ability (or willingness) to fully activate motor pathways, or

increased perceptions of effort during exercise. The available evidence showed a discordance

of perceived to physical exertion as exercising patients reported higher ratings of perceived

exertion compared with controls for a given workload or heart rate. Patients also had lower

voluntary activation and fatigued more quickly than controls.

Our sub-group analysis showed negligible differences between CFS and FMS for their rela-

tive reductions of cardiorespiratory or neuromuscular outcomes, except for a lower MVC in

FMS compared with CFS (S3 File). However, few studies of CFS reported skeletal muscle

mass, fat mass or voluntary activation so conclusions on these outcomes are limited.

This systematic review and meta-analysis provides new insights into the possible underly-

ing determinants of reduced cardiorespiratory and muscle function of patients with CFS and

FMS. Previous reviews [5, 25, 29, 30] reported physical function in CFS and/or FMS. Of these,

Franklin et al. [29] performed a meta-analysis of 32 studies reporting VO2peak outcomes in

CFS, and Gaudreault et al. [30] considered cardiorespiratory fitness of FMS with a narrative

review: both reported lower cardiorespiratory fitness of patient groups. More recently, Bar-

horst et al. [25] reported higher RPE during exercise for patients with CFS and FMS, alongside

lower heart rates at volitional exhaustion compared with healthy controls. We are aware of

only one previous systematic review of muscle function impairments in CFS [5], but no others

considering FMS or including wider aspects of muscle function such as fatigability and VA

outcomes.

Cardiorespiratory fitness

Some studies utilised indirect assessments of VO2peak by extrapolating data points obtained

from submaximal exercise testing, but indirect assessments have greater errors of estimates

and accordingly the reported results varied considerably from one study to the next. Direct

tests of VO2peak are more accurate and require participants to continue to exercise through

progressively increasing intensities until volitional exhaustion. From the reviewed literature it

was clear that few patients satisfied the criteria (ACSM guidelines [47]) for achieving a true

VO2max and they terminated exercise at lower peak workloads than controls.

The AT was usually estimated during tests of VO2peak, and it represents the threshold

beyond ‘steady-state’ at which glycolytic rates rise. Indicators of AT include blood lactate

above 4 mmol/L or the gas exchange or ventilatory thresholds identified from the non-linear

relationship of VCO2 to VO2 [48, 49]. Regardless of study quality, risk of bias or methodologi-

cal approaches, the results were consistent with those of VO2peak, where values for AT were

lower for patients than controls. This suggests the impairments affecting cardiorespiratory fit-

ness of patients are not only evident during very intense activity where high motivation is

required, but they are also evident during moderate intensity activities.

Since VO2peak and AT are highly adaptable: decreasing with periods of inactivity and

increasing with periods of exercise training, it may be speculated that values for both were

lower for patients than controls due to habitual sedentary lifestyles [5, 50] or pharmacological

effects on the patient groups [5]. However, this conclusion is not fully supported by the avail-

able data, given the other indicators that patients were not able to exercise at the high intensi-

ties required to achieve VO2peak. These included lower peak heart rates and peak blood

lactate levels during exercise for FMS and CFS compared with healthy controls. To account for

possible confounding effects, some studies matched groups for habitual physical activity levels

or included a pharmacological wash-out period prior to participation. A more detailed look at

these studies revealed that patients had lower VO2peak and MVC than controls even after con-

trolling for physical activity levels or after pharmacological wash-out (S3 File).
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Muscle function

Different assessments of MVC were applied across the different studies, with some using iso-

metric and others dynamic concentric contractions of upper body or lower body muscle

groups. These methodological differences did not change the outcome of lower muscle

strength expressed as MVC for patients compared with healthy controls. Force production,

being a primary function of skeletal muscle, is determined by the total muscle mass (or, more

precisely the physiological cross-sectional area) and the level of voluntary activation which rep-

resents the ability to activate all available motor units [51]. Muscle mass estimated by dual-

energy x-ray absorptiometry (DXA) or bioimpedance analysis (BIA) was similar for patients

and controls. However, the more accurate approach [52] to estimating muscle size by magnetic

resonance imaging showed lower muscle volume for patients than controls. Voluntary activa-

tion was lower for patients than controls, suggesting that patients were unable or unwilling to

produce a true maximal force contraction. Lower voluntary activation may indicate deficits of

central motor pathways through the motor cortex, upper motor neurons and peripheral motor

neurons [53]. Such neural deficits are possible, given the known changes of central and periph-

eral sensitization in FMS and CFS patients [9, 18, 54] that may affect motor output.

Our results showed that FMS and CFS patients fatigued more quickly during exercise than

their healthy counterparts, and this remained the case after considering only those studies with

lowest risk of bias. Notably, as was the case for other measurements of muscle function, fatiga-

bility (expressed as performance deterioration) [31] was measured in different ways across

studies. The lack of consistency across studies makes it difficult to determine how skeletal mus-

cle fatigue relates to the experience of generalized fatigue, which is a primary manifestation of

CFS, and FMS that requires further investigation [55].

The accelerated onset of exercise-related fatigue alongside the perceptions of generalized

fatigue highlights the different ways in which fatigue is experienced by FMS and CFS patients.

There are some possible overlaps with interaction effects linked to sensitized afferent pathways

that exaggerate mechano- and metabo- receptor activity, or brain regions receiving and inter-

preting information from distal body parts. This concept of heightened afferent feedback

could contribute not only to generalized and exercise-related fatigue but also to the relative

muscular weakness of patients [14]. It may also contribute to heightened rates of perceived

exertion and pain during exercise reported by patients [25, 46].

Implications for research and practice

Chronic fatigue is a primary feature of CFS and FMS. It can impact greatly on those affected

by reducing their social and economic interactions. Alongside the generalized fatigue, our

findings reveal the extent of reduced physical function of patients which occurs in excess of

that expected from sedentary living. The reasons for the generalized fatigue and reduced physi-

cal function remain largely unknown. Future studies should aim to understand what causes

the heightened perceptions of effort during exercise and how this relates to fatigue. Possible

mechanisms may include sensitized peripheral afferents, including the III-IV muscle afferents

[14, 56, 57], and/or regions of the central nervous system that receive those afferent signals.

If effective therapies are not applied, the individuals with CFS and FMS will continue to

experience a poorer quality of life and will be at greater risk of inactivity-related poor-health

conditions. To this end, a recent study showed increased incidence of skeletal muscle weakness

and low muscle mass in relatively young populations of people with FMS placing them at

greater risk of sarcopenia [58]. The most effective way of improving cardiorespiratory fitness

and muscle mass/function is regular intense exercise and there is evidence that exercise may

be effective for individuals with CFS and FMS [59–62]. Future studies should investigate
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whether regular intense exercise familiarizes patients to afferent signals from exercising limbs

to improve exercise tolerance by reducing the heightened perceptions of effort and fatigue.

However, the benefits of training will depend on a person’s commitment to training and the

fact that CFS and FMS patients experience heighted perceived exertion may reduce their toler-

ance of the higher intensity workloads which are most effective for improving physical fitness

[63].

Conclusions

Overall, our results demonstrate lower cardiorespiratory fitness and muscle function of indi-

viduals with CFS and FMS compared with healthy controls. There were indications of dysregu-

lated neuro-muscular interactions including heightened perceptions of effort, reduced ability

to activate the available musculature during exercise and reduced tolerance of exercise. Future

work should investigate whether impairments of the nervous system cause these changes.
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37. WÅHlÉN K, Yan H, Welinder C, Ernberg M, Kosek EVA, Mannerkorpi K, et al. Proteomic Investigation

in Plasma from Women with Fibromyalgia in Response to a 15-wk Resistance Exercise Intervention.

Medicine & Science in Sports & Exercise. 2022; 54(2):1–15. https://doi.org/10.1249/MSS.

0000000000002790 154742467. Language: English. Entry Date: 20220207. Revision Date: 20220208.

Publication Type: Article. PMID: 35029590

PLOS ONE Cardiorespiratory fitness and neuromuscular function in fibromyalgia and chronic fatigue syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0276009 October 20, 2022 13 / 15

https://doi.org/10.1016/j.semarthrit.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24508406
https://doi.org/10.1007/s11916-002-0046-1
http://www.ncbi.nlm.nih.gov/pubmed/12095460
https://doi.org/10.2174/157339711102150702112236
https://doi.org/10.2174/157339711102150702112236
http://www.ncbi.nlm.nih.gov/pubmed/26138918
https://doi.org/10.3109/09638288.2014.984878
http://www.ncbi.nlm.nih.gov/pubmed/25411025
https://doi.org/10.2147/JPR.S61312
http://www.ncbi.nlm.nih.gov/pubmed/24833914
https://doi.org/10.1249/01.mss.0000128184.57911.21
http://www.ncbi.nlm.nih.gov/pubmed/15179183
https://doi.org/10.1249/MSS.0000000000002421
https://doi.org/10.1249/MSS.0000000000002421
http://www.ncbi.nlm.nih.gov/pubmed/32555018
https://doi.org/10.3109/03009742.2013.767372
https://doi.org/10.3109/03009742.2013.767372
http://www.ncbi.nlm.nih.gov/pubmed/23527918
https://doi.org/10.1080/03009740310002461
http://www.ncbi.nlm.nih.gov/pubmed/12892249
https://doi.org/10.1002/art.22124
http://www.ncbi.nlm.nih.gov/pubmed/17009309
https://doi.org/10.1055/a-0802-9175
http://www.ncbi.nlm.nih.gov/pubmed/30557887
https://doi.org/10.1183/20734735.019717
http://www.ncbi.nlm.nih.gov/pubmed/30131831
https://doi.org/10.1016/j.gerinurse.2017.05.014
https://doi.org/10.1016/j.gerinurse.2017.05.014
http://www.ncbi.nlm.nih.gov/pubmed/28666548
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
http://www.ncbi.nlm.nih.gov/pubmed/33782057
https://doi.org/10.1111/j.1524-475X.2004.04006.x
http://www.ncbi.nlm.nih.gov/pubmed/17163895
https://doi.org/10.1249/MSS.0000000000002179
https://doi.org/10.1249/MSS.0000000000002179
http://www.ncbi.nlm.nih.gov/pubmed/31688647
https://doi.org/10.1249/MSS.0000000000002790
https://doi.org/10.1249/MSS.0000000000002790
http://www.ncbi.nlm.nih.gov/pubmed/35029590
https://doi.org/10.1371/journal.pone.0276009


38. Sargent C, Scroop GC, Nemeth PM, Burnet RB, Buckley JD. Maximal oxygen uptake and lactate

metabolism are normal in chronic fatigue syndrome. Med Sci Sports Exerc. 2002; 34(1):51–6. Epub

2002/01/10. https://doi.org/10.1097/00005768-200201000-00009 PMID: 11782647.

39. Vermeulen RC, Kurk RM, Visser FC, Sluiter W, Scholte HR. Patients with chronic fatigue syndrome per-

formed worse than controls in a controlled repeated exercise study despite a normal oxidative phos-

phorylation capacity. J Transl Med. 2010; 8:93. Epub 2010/10/13. https://doi.org/10.1186/1479-5876-8-

93 PMID: 20937116; PubMed Central PMCID: PMC2964609.

40. Vermeulen RCW, Vermeulen van Eck IWG. Decreased oxygen extraction during cardiopulmonary

exercise test in patients with chronic fatigue syndrome. Journal of translational medicine. 2014; 12:20.

https://doi.org/10.1186/1479-5876-12-20 PMID: 24456560.

41. Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard deviation from the sample

size, median, range and/or interquartile range. BMC Medical Research Methodology. 2014; 14(1):135.

https://doi.org/10.1186/1471-2288-14-135 PMID: 25524443

42. Higgins JPT TJ, Chandler J, Cumpston M, Li T, Page MJ, Welch VA (editors). Cochrane Handbook for

Systematic Reviews of Interventions version 6.1 (updated September 2020). Cochrane, 2020. 2020:

Section 9.5.2 Identifying and measuring heterogeneity.

43. Aaron LA, Burke MM, Buchwald D. Overlapping Conditions Among Patients With Chronic Fatigue Syn-

drome, Fibromyalgia, and Temporomandibular Disorder. Archives of Internal Medicine. 2000; 160

(2):221–7. https://doi.org/10.1001/archinte.160.2.221 PMID: 10647761

44. Goldenberg DL, Simms RW, Geiger A, Komaroff AL. High frequency of fibromyalgia in patients with

chronic fatigue seen in a primary care practice. Arthritis Rheum. 1990; 33(3):381–7. Epub 1990/03/01.

https://doi.org/10.1002/art.1780330311 PMID: 2317224.

45. Ciccone DS, Natelson BH. Comorbid illness in women with chronic fatigue syndrome: a test of the single

syndrome hypothesis. Psychosomatic medicine. 2003; 65(2):268–75. https://doi.org/10.1097/01.psy.

0000033125.08272.a9 PMID: 12651994.

46. Barhorst EE, Boruch AE, Cook DB, Lindheimer JB. Pain-related post-exertional malaise in Myalgic

Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) and Fibromyalgia: A systematic review and

three-level meta-analysis. Pain Med. 2021. Epub 2021/10/21. https://doi.org/10.1093/pm/pnab308

PMID: 34668532.

47. Pescatello LS. ACSM’s guidelines for exercise testing and prescription. 9th ed. ed. Philadelphia: Wol-

ters Kluwer/Lippincott Williams & Wilkins Health; 2014.

48. Heuberger JAAC, Gal P, Stuurman FE, de Muinck Keizer WAS, Mejia Miranda Y, Cohen AF. Repeat-

ability and predictive value of lactate threshold concepts in endurance sports. PLOS ONE. 2018; 13

(11):e0206846. https://doi.org/10.1371/journal.pone.0206846 PMID: 30427900

49. Wasserman K. The anaerobic threshold: definition, physiological significance and identification. Adv

Cardiol. 1986; 35:1–23. Epub 1986/01/01. PMID: 3551513.

50. McLoughlin MJ, Stegner AJ, Cook DB. The relationship between physical activity and brain responses

to pain in fibromyalgia. J Pain. 2011; 12(6):640–51. Epub 2011/02/19. https://doi.org/10.1016/j.jpain.

2010.12.004 PMID: 21330218; PubMed Central PMCID: PMC3111901.

51. Jones EJ, Bishop PA, Woods AK, Green JM. Cross-Sectional Area and Muscular Strength. Sports Med-

icine. 2008; 38(12):987–94. https://doi.org/10.2165/00007256-200838120-00003 PMID: 19026016

52. Maden-Wilkinson TM, Degens H, Jones DA, McPhee JS. Comparison of MRI and DXA to measure

muscle size and age-related atrophy in thigh muscles. J Musculoskelet Neuronal Interact. 2013; 13

(3):320–8. Epub 2013/08/31. PMID: 23989253.

53. Gandevia SC. Spinal and supraspinal factors in human muscle fatigue. Physiol Rev. 2001; 81(4):1725–

89. Epub 2001/10/03. https://doi.org/10.1152/physrev.2001.81.4.1725 PMID: 11581501.

54. Meeus M, Nijs J. Central sensitization: a biopsychosocial explanation for chronic widespread pain in

patients with fibromyalgia and chronic fatigue syndrome. Clinical rheumatology. 2007; 26(4):465–73.

Epub 2006/11/18. https://doi.org/10.1007/s10067-006-0433-9 PMID: 17115100.

55. Kluger BM, Krupp LB, Enoka RM. Fatigue and fatigability in neurologic illnesses: proposal for a unified

taxonomy. Neurology. 2013; 80(4):409–16. https://doi.org/10.1212/WNL.0b013e31827f07be PMID:

23339207.

56. Amann M, Proctor LT, Sebranek JJ, Eldridge MW, Pegelow DF, Dempsey JA. Somatosensory feed-

back from the limbs exerts inhibitory influences on central neural drive during whole body endurance

exercise. Journal of applied physiology (Bethesda, Md: 1985). 2008; 105(6):1714–24. https://doi.org/

10.1152/japplphysiol.90456.2008 PMID: 18787091.

57. Hureau TJ, Romer LM, Amann M. The ‘sensory tolerance limit’: A hypothetical construct determining

exercise performance? European Journal of Sport Science. 2018; 18(1):13–24. https://doi.org/10.1080/

17461391.2016.1252428 PMID: 27821022

PLOS ONE Cardiorespiratory fitness and neuromuscular function in fibromyalgia and chronic fatigue syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0276009 October 20, 2022 14 / 15

https://doi.org/10.1097/00005768-200201000-00009
http://www.ncbi.nlm.nih.gov/pubmed/11782647
https://doi.org/10.1186/1479-5876-8-93
https://doi.org/10.1186/1479-5876-8-93
http://www.ncbi.nlm.nih.gov/pubmed/20937116
https://doi.org/10.1186/1479-5876-12-20
http://www.ncbi.nlm.nih.gov/pubmed/24456560
https://doi.org/10.1186/1471-2288-14-135
http://www.ncbi.nlm.nih.gov/pubmed/25524443
https://doi.org/10.1001/archinte.160.2.221
http://www.ncbi.nlm.nih.gov/pubmed/10647761
https://doi.org/10.1002/art.1780330311
http://www.ncbi.nlm.nih.gov/pubmed/2317224
https://doi.org/10.1097/01.psy.0000033125.08272.a9
https://doi.org/10.1097/01.psy.0000033125.08272.a9
http://www.ncbi.nlm.nih.gov/pubmed/12651994
https://doi.org/10.1093/pm/pnab308
http://www.ncbi.nlm.nih.gov/pubmed/34668532
https://doi.org/10.1371/journal.pone.0206846
http://www.ncbi.nlm.nih.gov/pubmed/30427900
http://www.ncbi.nlm.nih.gov/pubmed/3551513
https://doi.org/10.1016/j.jpain.2010.12.004
https://doi.org/10.1016/j.jpain.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21330218
https://doi.org/10.2165/00007256-200838120-00003
http://www.ncbi.nlm.nih.gov/pubmed/19026016
http://www.ncbi.nlm.nih.gov/pubmed/23989253
https://doi.org/10.1152/physrev.2001.81.4.1725
http://www.ncbi.nlm.nih.gov/pubmed/11581501
https://doi.org/10.1007/s10067-006-0433-9
http://www.ncbi.nlm.nih.gov/pubmed/17115100
https://doi.org/10.1212/WNL.0b013e31827f07be
http://www.ncbi.nlm.nih.gov/pubmed/23339207
https://doi.org/10.1152/japplphysiol.90456.2008
https://doi.org/10.1152/japplphysiol.90456.2008
http://www.ncbi.nlm.nih.gov/pubmed/18787091
https://doi.org/10.1080/17461391.2016.1252428
https://doi.org/10.1080/17461391.2016.1252428
http://www.ncbi.nlm.nih.gov/pubmed/27821022
https://doi.org/10.1371/journal.pone.0276009


58. Kapuczinski A, Soyfoo MS, De Breucker S, Margaux J. Assessment of sarcopenia in patients with fibro-

myalgia. Rheumatology international. 2022; 42(2):279–84. https://doi.org/10.1007/s00296-021-04973-

6 PMID: 34417829.

59. Bidonde J, Busch AJ, Schachter CL, Webber SC, Musselman KE, Overend TJ, et al. Mixed exercise

training for adults with fibromyalgia. Cochrane Database Syst Rev. 2019; 5:Cd013340. Epub 2019/05/

28. https://doi.org/10.1002/14651858.CD013340 PMID: 31124142; PubMed Central PMCID:

PMC6931522.

60. Bidonde J, Busch AJ, Bath B, Milosavljevic S. Exercise for adults with fibromyalgia: an umbrella system-

atic review with synthesis of best evidence. Curr Rheumatol Rev. 2014; 10(1):45–79. Epub 2014/09/18.

https://doi.org/10.2174/1573403x10666140914155304 PMID: 25229499.

61. Bidonde J, Busch AJ, Schachter CL, Overend TJ, Kim SY, Goes SM, et al. Aerobic exercise training for

adults with fibromyalgia. Cochrane Database Syst Rev. 2017; 6:Cd012700. Epub 2017/06/22. https://

doi.org/10.1002/14651858.CD012700 PMID: 28636204; PubMed Central PMCID: PMC6481524.

62. Lee J-W, Lee K-E, Park D-J, Kim S-H, Nah S-S, Lee JH, et al. Determinants of quality of life in patients

with fibromyalgia: A structural equation modeling approach. PloS one. 2017; 12(2):e0171186–e. https://

doi.org/10.1371/journal.pone.0171186 PMID: 28158289.

63. Clark SR, Jones KD, Burckhardt CS, Bennett RM. Exercise for patients with fibromyalgia: Risks versus

benefits. Current Rheumatology Reports. 2001; 3(2):135–46. https://doi.org/10.1007/s11926-001-

0009-2 PMID: 11286670

PLOS ONE Cardiorespiratory fitness and neuromuscular function in fibromyalgia and chronic fatigue syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0276009 October 20, 2022 15 / 15

https://doi.org/10.1007/s00296-021-04973-6
https://doi.org/10.1007/s00296-021-04973-6
http://www.ncbi.nlm.nih.gov/pubmed/34417829
https://doi.org/10.1002/14651858.CD013340
http://www.ncbi.nlm.nih.gov/pubmed/31124142
https://doi.org/10.2174/1573403x10666140914155304
http://www.ncbi.nlm.nih.gov/pubmed/25229499
https://doi.org/10.1002/14651858.CD012700
https://doi.org/10.1002/14651858.CD012700
http://www.ncbi.nlm.nih.gov/pubmed/28636204
https://doi.org/10.1371/journal.pone.0171186
https://doi.org/10.1371/journal.pone.0171186
http://www.ncbi.nlm.nih.gov/pubmed/28158289
https://doi.org/10.1007/s11926-001-0009-2
https://doi.org/10.1007/s11926-001-0009-2
http://www.ncbi.nlm.nih.gov/pubmed/11286670
https://doi.org/10.1371/journal.pone.0276009

