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ABSTRACT

Background Impaired skeletal muscle metabolism is recognized in chronic fatigue syndrome (CFS). This study
examined the relationship between skeletal and cardiac muscle function and symptoms on standing in CFS
using magnetic resonance spectroscopy (MRS) and impedance cardiography.

Materials and methods Phosphocreatine (PCr) ⁄ adenosine triphosphate (ATP) ratio by cardiac MRS, PCr ⁄ ADP
and proton efflux by muscle MRS were performed in 12 CFS (Fukuda) and 8 controls. Head up tilt (HUT) and
cardiac contractility (left ventricular work index, LVWI) (n = 64 CFS and matched controls) were found. Fatigue
impact was accessed by Fatigue Impact Scale and orthostatic symptoms by Orthostatic Grading Scale (OGS).

Results Cardiac PCr ⁄ ATP correlated with measures of muscle bioenergetic function (half-time PCr recovery
[j = )0Æ71, P = 0Æ005] and half-time ADP recovery [j = )0Æ60, P = 0Æ02]) suggesting that the muscle and cardiac
bioenergetic function correlate in CFS. Four of 12 (33Æ3%) CFS patients had PCr ⁄ ATP values consistent with sig-
nificant cardiac impairment. Those with impaired cardiac energy metabolism had significantly reduced maximal
and initial proton efflux rates (P < 0Æ05). Cardiac PCr ⁄ ATP ratio correlated with myocardial contractility (LVWI) in
response to standing (P = 0Æ03). On HUT, LVWI on standing was significantly higher in CFS (P = 0Æ05) with
symptoms on standing (OGS) occurring in 61 ⁄ 64 (95%) (vs. 25 ⁄ 64 [39%] controls; P < 0Æ0001). OGS scores
were significantly higher in those with abnormal LVWI responses to standing (P = 0Æ04), with the LVWI on
standing correlating with OGS scores (r2 = 0Æ1; P = 0Æ03). HUT was positive in 19 (32%).

Conclusions Skeletal muscle and cardiac bioenergetic abnormalities associate in CFS. Cardiac bioenergetic
metabolism associates with increase in cardiac contractility on standing. Haemodynamic assessment in CFS is
well tolerated and safe with a high diagnostic yield comparable with unexplained syncope.

Keywords Cardiac function, diagnosis, fatigue.

Eur J Clin Invest 2010

Introduction

We have recently shown using magnetic resonance spectros-

copy (MRS) that a proportion of patients with chronic fatigue

syndrome (CFS) have impaired skeletal muscle bioenergetic

function [1]. Significant exacerbations of symptoms with the

physiological stressor of orthostasis are frequently described by

those with CFS [2]. In addition, studies assessing noninvasive

cardiac function have confirmed that those with severe CFS

have reduced cardiac output in response to standing compared

with controls [3–6]. In light of these combined findings, we

hypothesized that the impaired muscle function seen in our

recent magnetic resonance studies is not isolated to skeletal

muscle but arises due to a systemic abnormality in those with

CFS that also affects cardiac muscle. If our hypothesis is correct,

this mechanism could explain the impaired cardiovascular

function, particularly in response to physiological stressors

such as standing, and the symptoms that arise in almost 90% of

those with CFS [2], as well as providing an important new ave-

nue for treatment intervention. Head up tilt (HUT) is a diagnos-

tic tool used routinely in cardiovascular laboratories to explore

the physiological responses to standing. Currently, the poten-

tial of this assessment modality alone or in combination with

other diagnostic tools, such as MRI and noninvasive cardiac

function, in those with CFS is not well studied.

In this study, we first examined the relationship between

impaired skeletal muscle metabolism and cardiac muscle func-

tion using MRS. Using noninvasive impedance cardiography
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(ICG), we then examined the relationship between cardiac bio-

energetics and cardiac function in response to standing and,

finally, we evaluated the diagnostic potential of the assessment

of haemodynamic and cardiac functions in response to stand-

ing in a large cohort of patients with CFS.

Methods

Subjects
Subjects with CFS (Fukuda Criteria [7]) were identified via the

patient support group ‘ME North East’. Subjects had been diag-

nosed with CFS in a specialist CFS service within 2 years of

assessment in the autonomic laboratory and all fulfilled the

Fukuda diagnostic criteria. Each CFS patient was matched for

age and sex to a sedentary control, recruited via notices placed

within the hospital. Both patients and controls were excluded if

taking any medication that could influence the assessment of

haemodynamics (e.g. beta blockers, calcium antagonists,

antidepressants), whether diabetic or with renal or hepatic dis-

ease. Subjects were excluded if not in sinus rhythm, unable to

stand or unable to attend the autonomic laboratory for assess-

ment. Details are shown in Table 1.

Symptom assessment tools
Subjects and controls completed two questionnaires assessing

symptoms on the day of ICG. Fatigue impact was assessed by

the Fatigue Impact Scale [8,9]. All subjects also completed the

Orthostatic Grading Scale (OGS), a fully validated self-report

assessment tool for the symptoms of orthostatic intolerance

[10,11].

Muscle and cardiac magnetic resonance
spectroscopy
In light of our recent findings of muscle bioenergetic function in

CFS, we performed muscle 31P MRS in 12 CFS patients and 8

controls using our previously published method [1]: maximum

voluntary contractions were assessed on the basis of the best of

five attempts using an MR-compatible force-metre, calibrated to

a dyanometer (Cybex, Medway, MA, USA), and the muscle

volume of the entire gastrocnemius and soleus was assessed by

the region-of-interest definition on standard T1-weighted

images. Muscle pH was calculated from the phosphorus spectra

of the muscle as previously outlined [1]. Assessment of cardiac

metabolic function was also performed by cardiac high-energy

phosphate metabolism measured using 31P MRS [12]. Quanti-

fication of phosphocreatine (PCr), the c resonance of adenosine

triphosphate (ATP) and 2,3-diphosphoglycerate (DPG) was

performed using the AMARES time domain fit routine in the

jMRUI processing software (Alter Systems, Lyon, France). After

fitting, the ATP peak area was corrected for blood contami-

nation by one-sixth of the amplitude of the combined 2,3-DPG

peak [13], and the PCr ⁄ ATP ratios were calculated and

corrected for saturation, with T1 values of cardiac PCr and ATP

taken from the literature [14]. Flip angle correction was made

using a gadolinium-doped 20-mM phenyl phosphonic acid

phantom at the centre of the coil [15,16]. A value of 1Æ6 was

considered indicative of significant cardiac impairment [17].

MR imaging of the heart ruled out gross structural abnormali-

ties (hypertrophy) in the subjects at the time of spectroscopy,

although a detailed multiple-phase analysis was not performed.

Assessment of haemodynamic responses to standing
A second cohort of CFS patients (n = 64) and matched controls

also underwent formal autonomic assessment in the cardiovas-

cular laboratory using continuous heart rate, beat-to-beat blood

pressure measurement and ICG (Taskforce; CNSystems, Graz,

Austria). Details of this cohort are shown in Table 2.

Immediate haemodynamic responses to standing. Responses

to standing over 2 min were assessed. Positional orthostatic

Table 1 Subject characteristics for those patients who attended
for the magnetic resonance spectroscopy studies

CFS ⁄ ME

impaired

cardiac

energetics

CFS ⁄ ME

normal

cardiac

energetics Controls

n 6 6 8

Age, mean ± SD 51 ± 11 49 ± 14 56 ± 12

FIS 105 ± 19* 97 ± 29* 2 ± 4

OGS 4Æ3 ± 2Æ0** 7Æ7 ± 3Æ0** 0Æ5 ± 0Æ8

HAD A 10 ± 4** 11 ± 5** 3 ± 2

HAD D 11 ± 6** 9 ± 5** 2 ± 1

Weight (kg) 66Æ5 ± 10Æ9 61Æ0 ± 9Æ9 66Æ5 ± 15Æ4

Maximum voluntary

contraction (kg)

12Æ5 ± 2Æ7*** 15Æ3 ± 4Æ0 18Æ4 ± 4Æ9

Muscle volume (cm3) 460 ± 108 563 ± 144 541 ± 71

Phosphocreatine

at rest (mM)

33Æ8 ± 3Æ5 34Æ4 ± 1Æ6 33Æ6 ± 2Æ7

Inorganic phosphate

at rest (mM)

3Æ5 ± 0Æ6 3Æ3 ± 0Æ4 3Æ1 ± 0Æ8

Adenosine diphosphate

at rest (mM)

9Æ65 ± 0Æ31** 9Æ38 ± 0Æ43 9Æ30 ± 0Æ30

pH at rest (–) 7Æ034 ± 0Æ015 7Æ020 ± 0Æ021 7Æ025 ± 0Æ011

FIS, Fatigue Impact Scale; OGS, Orthostatic Grading Scale; HAD, Hospital

Anxiety and Depression Scale.
*P < 0.0005 wrt controls.
**P < 0.05 wrt controls.
***P < 0.02 wrt controls.
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tachycardia syndrome (POTS) and orthostatic hypotension

were diagnosed using recognized diagnostic criteria [18,19].

Haemodynamic response to prolonged standing assessed

during head up tilt. Passive HUT was performed according

to established protocols [20]. Vasovagal syncope was diagnosed

using recognized diagnostic criteria [20,21]. During HUT, car-

diac function was assessed noninvasively by ICG using previ-

ously described methods [22,23] to derive:

1 Indicators of cardiac function:

• cardiac index (CI) – output from the heart per minute;

• left ventricular work index (LVWI) – amount of work the left

ventricle must perform to pump blood each minute – consid-

ered the best impedance measure of myocardiac contractility.

2 Indicators of afterload, i.e. the pressure against which the

heart must pump:

• systemic vascular resistance index.

3 Parameters of pre-load, i.e. the pressure with which the heart

fills:

• thoracic fluid content;

• end-diastolic index.

Statistical analysis
Analysis was performed blinded to the status of patients and

controls. Parametric variables are presented as mean and stan-

dard deviation, and comparisons drawn between groups using

the student’s t-test and proportions by Fishers exact test. Non-

parametric data are presented as median and range, and com-

parisons drawn using Mann–Whitney tests. Correlation

analyses were obtained using ‘Prism-Graphpad’ (http://

www.graphpad.com/prism/Prism.htm). P < 0Æ05 was consid-

ered a statistically significant result.

Ethical permission
Ethical permission was received from the Newcastle and North

Tyneside Local Research Ethics Committee. All patients and

controls provided written informed consent.

Results

The relationship between cardiac and skeletal muscle
metabolism measured by 31P MRS
We found a strong correlation between cardiac PCr ⁄ ATP ratio

in the CFS group with measures of muscle bioenergetic func-

tion including both the half-time for PCr recovery (j = )0Æ71,

P = 0Æ005) and the half-time for ADP recovery (j = )0Æ60,

P = 0Æ02), suggesting that peripheral muscle bioenergetic func-

tion of the type found to be abnormal in CFS correlates with

cardiac muscle bioenergetic abnormality, a finding supportive

of linked underpinning mechanisms.

Mean PCr ⁄ ATP ratio in the CFS group was lower than that

seen in the control group (Fig. 1), although this did not reach

the statistical significance (P = 0Æ07). Although values in the

control group were tightly banded, those in the CFS group were

widely scattered with 4 of the 12 (33Æ3%) having values consis-

tent with significant cardiac impairment. The CFS group was

dichotomized according to the median cardiac PCr ⁄ ATP ratio,

forming a low PCr ⁄ ATP ratio group (PCr ⁄ ATP ratio = 1Æ57

± 0Æ22) and a group with normal PCr ⁄ ATP ratio (1Æ90 ± 0Æ09)

when compared with age-matched controls (who had a

PCr ⁄ ATP ratio of 1Æ90 ± 0Æ10). There were no significant differ-

ences in fatigue severity, length of history or other symptoms

Table 2 Subject characteristics and diagnoses reached on
haemodynamic testing

CFS ⁄ ME Controls P

n 64 64

Age mean ± SD 46 ± 12 48 ± 15 0Æ5

Males (%) 23 (36) 23 (36) NS

FIS 97 ± 28 12 ± 20 < 0Æ0001

Hx of loss of consciousness (%) 27 (40) 15 (23) 0Æ04

HUT positive (in those able

to tolerate the test)

19 7 0Æ004

Systolic OH 24 26 0Æ6

Delayed OH 2 0 0Æ5

POTS 20 4 0Æ0005

HUT, head up tilt; Hx, history; OH, orthostatic hypotension; POTS, positional

orthostatic tachycardia syndrome; FIS, Fatigue Impact Scale. Statistically dif-

ferent values are in bold.
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Figure 1 Cardiac bioenergetics assessed as mean ± SD
PCr ⁄ ATP ratio measured using magnetic resonance
spectroscopy.
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between the two CFS groups (Table 1). This allowed us to study

muscle metabolic function and acid handling in a CFS group

with impaired cardiac energetics compared with a CFS group

with normal cardiac energetics.

Baseline concentrations of PCr, inorganic phosphate and

muscle pH were normal between the three groups (Table 1),

although resting ADP was significantly higher in the impaired

cardiac CFS energetics group. Muscle volumes were not signifi-

cantly different between the three groups (Table 1). The maxi-

mum voluntary contraction achieved by the impaired cardiac

energetics group was significantly lower than for the control

subjects (12Æ5 ± 2Æ7 vs. 18Æ4 ± 4Æ9 kg; P = 0Æ02). However, the

ratio of MVC in the two CFS groups was exactly the same as

the ratio of muscle mass in the two groups (table 1), indicating

that the two CFS groups performed equivalent work. Despite

this, there was no significant difference in the percentage PCr

depletion achieved during the second exercise (impaired car-

diac energetics group: 19Æ8 ± 15Æ3%; normal cardiac energetics

group: 25Æ5 ± 12Æ8%; and controls: 25Æ0 ± 8Æ3%, ns between

groups), indicating that the three groups performed compara-

ble work during exercise.

Chronic fatigue syndrome patients with impaired cardiac

energetics also have impaired oxidative function compared

with controls (Fig. 2a and b). Where there is cardiac energetic

impairment in CFS patients, there also appears a oxidative

metabolism impairment in muscle. Those CFS patients with

impaired cardiac energy metabolism also had significantly

reduced both maximal and initial proton efflux rates (Fig. 3a

and b).

Cardiovascular function and cardiac muscle
metabolism measured by 31P MRS
We found strong and significant correlations between the

impaired cardiac bioenergetics assessed by PCr ⁄ ATP ratio and

the ICG markers of cardiac contractility in response to standing,

particularly CI and LVWI (considered to be the best impedance

indicator of myocardial contractility [LVWI]) (Fig. 4a and b),

confirming that low PCr ⁄ ATP ratio (impaired cardiac energet-

ics) corresponds with impairment in cardiac contractility

parameters in response to prolonged standing. There were no

relationships seen with preload parameters; however, there

was a significant inverse relationship between cardiac bioener-
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Figure 2 Comparison of the CFS groups and controls for (a) half-time for PCr recovery from end-exercise to baseline concentra-
tions and (b) half-time for ADP recovery from end-exercise to baseline concentrations.
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Figure 3 Comparison of the CFS groups and controls for (a) maximum proton efflux and (b) initial proton efflux.
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getics and afterload with increased total peripheral resistance

being associated with impaired cardiac bioenergetic function

(Fig. 4c), relationships were not present in the normal group.

Haemodynamic characteristics of CFS ⁄ ME patients
We went on to examine haemodynamic responses to immediate

and prolonged standing in a second large and independent

cohort of 64 CFS ⁄ ME patients compared with age- and sex-

matched controls. LVWI on standing was significantly higher

in the CFS group than in controls (Fig. 5a), confirming that the

hearts of the CFS group appear to be working harder in

response to the stress of standing compared with controls. Fur-

ther clinical evaluation of the CFS ⁄ ME group confirmed that

symptoms on standing assessed using the OGS occurred in

61 ⁄ 64 (95%) of cases compared with 25 ⁄ 64 (39%) of controls

(P < 0Æ0001) and that OGS scores were significantly higher in

those with abnormal LVWI responses to standing (mean + 2 SD

of the normal group) compared to those with normal LVWI

(Fig. 5b), with the LVWI on standing correlating weakly but

significantly with OGS scores (r2 = 0Æ1; P = 0Æ03).
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Figure 5 (a) Left ventricular work index in the CFS group attending for head up tilt with impedance cardiography (n = 64) com-
pared with matched controls. (b) Orthostatic grading scale is significantly higher in those with LVWI outside the normal range
(determined as mean + 2SD of the normal population).
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Significantly more of the CFS group described a history of

loss of consciousness (LOC) compared with the control group

(Table 2). The assessment process was well tolerated, with only

six of the CFS group unable to tolerate the HUT (9%) due to

weakness compared with none of the control group (P = 0Æ03).

More of the CFS group had symptoms during the tilt test com-

pared with the controls (32 [49%] vs. 17 [26%]; P = 0Æ01).

More of the CFS group were found to have a diagnosis of

POTS [24] (Table 2). Of those able to tolerate the HUT, 32%

(19 ⁄ 66) of those with CFS were positive compared with 11% of

controls, P = 0Æ02. Of the 27 of the CFS patients who described a

history of LOC, the HUT was positive in 15 (56%), which is

comparable with previous studies of the predictive value of

HUT in those with unexplained syncope.

Discussion

We have demonstrated that the skeletal muscle bioenergetic

abnormality recently described in patients with CFS [1] associ-

ates with a similar cardiac bioenergetic abnormality. This

impairment is associated with an increase in cardiac contractil-

ity on standing (i.e. the heart has to work harder for the same

degree of physiological stress), the severity of which associates

with symptoms on standing in those with CFS.

Our study provides a significant way to defining a bioener-

getic phenotype in those with CFS, which appears to be sys-

temic and associates with the symptoms on standing frequently

described by those with CFS. The finding of varying degrees of

muscle abnormality may account for the contradictory results

in the previous CFS muscle literature [25–29] and underlines

the need for a whole organ systematic approach to studies in

CFS. Clearly, from this data, the cardiac status of the CFS popu-

lation recruited for a given study will matter. If our CFS

patients are considered as a single group, then oxidative muscle

metabolism is not significantly impaired compared with con-

trols, as we had previously reported [1], and this would not

change by recruiting greater numbers: division by cardiac sta-

tus, however, suggests the presence of subgroups within the

population, one of which has impaired oxidative muscle metab-

olism. Within the observation that the maximal oxidative func-

tion is impaired, it is not possible to determine from these MRS

experiments whether this is due to primary mitochondrial

defects or alterations in muscle blood flow. Given the relation-

ship between autonomic parameters and cardiac metabolism,

the latter may well be true: further large studies are required to

confirm the true prevalence of this bioenergetic phenotype in

CFS with subsequent interventional studies to explore this rela-

tionship.

We had previously reported abnormalities in proton efflux in

the CFS group as a whole [1] while end-exercise and minimum

pH were not significantly different. Stratification by cardiac

energetics helps us to explore this further and suggest that the

impaired cardiac energetic group are weaker and less able to

access anaerobic pathways, therefore producing less acid dur-

ing exercise and having smaller proton effluxes post-exercise.

Considering the high prevalence of orthostatic symptoms in

CFS [2], it was no surprise to find strong correlations between

cardiac bioenergetics and cardiovascular responses to standing.

The relationship between cardiac contractility on standing and

symptoms was an important finding as it suggests that symp-

toms in those with CFS are potentially modifiable by treatment

of the underlying cardiac abnormality. These abnormalities

were CFS-specific, as there were no such correlations in the con-

trol population.

At this stage, we have not proven causation, and it is difficult

to determine whether the impaired cardiac bioenergetics in

CFS ⁄ ME represent ‘cause’ or ‘effect’. Two mechanisms are pos-

sible. First, those with CFS have an intrinsic cardiac abnormal-

ity [30] that leads to impaired functional cardiac impairment,

subsequent hypotension and reduced organ perfusion, all of

which manifests as the characteristic symptoms of CFS. Alter-

natively, afterload abnormalities involving impaired vascular

response to orthostatic pooling may lead to a secondary cardiac

dysfunction. Our findings of a relationship between total

peripheral resistance and cardiac bioenergetics would support

this alternative hypothesis, but further work is needed to eluci-

date each of these mechanisms completely.

When we considered cardiac energy metabolism in the

whole CFS patient group, this appeared to be mixed, with

many individuals falling in the normal range with some indi-

viduals showing impairment. This suggests that within the

symptom complex of CFS, there is a group of patients in

whom an actual cardiac abnormality is present (defined by

the presence of PCr ⁄ ATP ratio < 1Æ6 [17]). The heterogeneity

of patients included in CFS studies is well recognized, how-

ever, despite the usage of specific diagnostic criteria for inclu-

sion, and we could not symptomatically differentiate between

the normal and impaired cardiac energetic group. This under-

lines how important it is to correctly characterize patients

with CFS and to study the underlying physiological parame-

ter rather than the symptom complex. We would therefore

suggest that there are a group of patients with CFS who have

an underlying cardiac abnormality and it is only on perform-

ing appropriate examination that these high-risk patients will

be identified, and understanding of the physiological mecha-

nisms that lead to the abnormality explored. It is unclear

what the long-term impact of the cardiac abnormalities will

have for those with CFS. However, our findings of reduced

survival in those with the fatigue-associated chronic disease

and primary biliary cirrhosis [31] and studies confirming a

comparable fatigue phenotype between primary biliary cir-

rhosis and CFS [32] would point to an (as yet) unidentified
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risk for those with CFS, and our findings of cardiac dysfunc-

tion in a proportion of patients may suggest the group at

increased risk.

This study has examined the tolerability and diagnostic

potential of assessment protocols that examine haemodynamic

responses to immediate and prolonged standing in CFS and,

for the first time, examines the relationship between measures

of cardiovascular function, cardiac energetics at rest and muscle

energetics under exercise in CFS patients. HUT is one of the

assessment modalities of choice in the evaluation of those with

unexplained syncope, and is recommended in national and

international guidelines [33–35]. In contrast, the UK NICE CFS

guidelines [36] actively discourage the assessment by HUT.

This is surprising considering the apparent pathophysiological

overlap between neurally mediated hypotension and CFS

[37,38,39]. Our study confirms a comparatively high diagnostic

rate in CFS particularly in those with a history of syncope. We

would recommend therefore that referral for cardiovascular

testing, including HUT testing, is encouraged in those where

symptoms on standing are predominant, and particularly

where there is a history of syncope or presyncope. Importantly,

our positivity rate in our control group was similar to previous

controls [40].

This study has some limitations. The study group could

clearly be considered to be self-selected, and as a result biased,

as they were recruited via the local patient support group.

However, all participants had been seen within a local CFS ser-

vice within 2 years and been diagnosed with the formal Fukuda

criteria. A further limitation is that this study cannot establish a

direction of causality for the associations seen in cardiac metab-

olism, skeletal muscle metabolism and autonomic function. The

findings are, however, consistent with a model in which a car-

diovascular impairment might lead to impaired oxidative func-

tion, perhaps through impaired venous run-off post-exercise.

Our future work will involve assessing groups of newly diag-

nosed CFS patients to determine their cardiac and muscle phe-

notypes and following them through time. In addition, large-

scale bioenergetic phenotyping of cohorts of patients with CFS

are required with a view to understanding those biomarkers

that are unique to CFS, which will subsequently allow the

development of investigative treatment algorithms specific to

this disease.
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