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Introduction
Fibromyalgia (FM) is characterized by widespread muscle
pain, as well as tender points, fatigue, and weakness. A better

understanding of the defects and abnormalities in muscle
tissues of patients with FM may suggest approaches to symp-
tomatic relief and potentially useful therapeutic interven-
tions. Over the past decade, considerable progress has been
made in identifying morphologic and biochemical abnor-
malities in these painful, dysfunctional muscles. Most, if not
all, of the observed anatomic and metabolic abnormalities
correlate to the clinical findings of pain, weakness, and
fatigue [1•,2•]. Pain and fatigue, as well as sleep distur-
bances and depression, may have a negative impact, result-
ing in decreased daily activities and a deconditioned state.
However, the structural and metabolic defects in muscles are
not solely related to decreased daily activity because many
patients have normal employment and domestic routines.
Moreover, deconditioning itself is not generally associated
with persistent pain or tender points.

The major factors responsible for the debilitating pain in
patients with FM have been actively discussed for more than
a decade. On the basis of current data, some investigators
propose that both intrinsic abnormalities of muscle and
extrinsic factors derived from the nervous and endocrine sys-
tems may account for persistent pain. In the early stages of
the disease, localized pain is detected in a large number of
patients [3•]. This pain can result from intrinsic factors (eg,
disturbances in the microcirculation, ischemia, and
decreased ATP concentrations) which excite the intramuscu-
lar nociceptors. Intensified local pain may then develop into
chronic, generalized allodynia/hyperalgesia by sensitization
of the nociceptive cells in the dorsal horn or brain stem
along with modulation of pathways in the brain [3•]. Thus
the observed alterations in levels of pain modulators,
namely, serotonin, substance P (SP), and nerve growth fac-
tor (NGF), in the CSF of patients with FM may be of major
importance [4,5••]. Disturbances in the hypothalamic-pitu-
itary-adrenal axis may amplify and promote the extent and
intensity of neurotransmitter imbalance [6••,7]. The related
deficits in growth hormone (GH), somatomedin-C (insulin-
like growth factor [IGF]-1), and thyroid stimulating hor-
mone (TSH) curtail ATP production and muscle tissue repair
following exercise and exertion [8••,9•,10].

This review focuses on recent investigations of abnor-
malities of muscle structure, impaired energy metabolism,
decreased strength, and aerobic endurance. Muscle abnor-
malities will be correlated with disturbances in the neuro-
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logic and endocrine systems, which impact significantly on
patient status. Trials of therapeutic approaches based on
potential pathogenetic pathways in muscle also will be
considered.

Histologic Muscle Abnormalities
Microscopic examination of fibromyalgia 
muscle structure
Many histologic abnormalities have been described in fibro-
myalgia muscles using both light and electron microscopy
(Table 1). These histologic findings are important because
cellular abnormalities can be often related to metabolic
defects and clinical symptoms. One of the early investiga-
tions of tender areas of various muscles of patients with FM
described fibers with a moth-eaten appearance, abnormal
mitochondria, and ragged red fibers, which are usually asso-
ciated with mitochondrial myopathies [11]. A subsequent
double-blind study of the trapezius muscles of patients with
FM and normal controls found only mild changes in both
groups of subjects [12]. In follow-up investigations, several
laboratories did detect abnormalities with electron micros-
copy, namely, abnormal muscle cell membranes, mitochon-
dria with irregular cristae, and ragged red fibers in patients
with FM but not in normal subjects [15,16]. Three carefully
controlled investigations of the quadriceps and trapezius
muscles demonstrated that capillary microcirculation was
compromised in the patients with FM but not in the controls
[16–18]. In addition, thickening and structural derange-
ments of the capillary endothelium were observed [16].

More recently, Pongrantz and Späth [19] noted that the
most common abnormality in FM muscle biopsies is type-II
fiber atrophy, which is present in many other conditions (eg,
disuse atrophy and steroid myopathy). An increase in lipid
droplets and a slight proliferation of mitochondria in type-I

fibers appeared to correlate with the duration of disease. The
authors were able to confirm the appearance of ragged red
fibers, which showed accumulation of lipids, abnormal
mitochondria with disrupted cristae, single fiber defects of
cytochrome-c-oxidase, and deletions of the mitochondrial
genome. The authors make the interesting proposal that
these abnormalities of the ragged red fibers are suggestive of
"an atypical encephalomyopathic mitochondrial disorder as
a fibromyalgia subgroup or a sign of earlier muscle aging."

The degenerative muscle changes in membranes, mito-
chondria, and capillary vessels may be related to defects in
membrane ion channeling, oxygen and metabolite trans-
port, and ATP production via oxidative phosphorylation.
The decrease in activity of the oxidative enzymes, 3-
hydroxy-CoA dehydrogenase, citrate synthase, and cyto-
chrome oxidase, support the proposal of defects in oxida-
tive metabolism and ATP synthesis, resulting in weakness
and fatigue [17,19].

Attempted detection of pain modulators in 
fibromyalgia muscle tissues
A novel approach to histologic examination of FM muscle
tissue is to determine whether putative mediators or
modulators of the pain response may be produced locally
within the muscle tissue. One recent study has examined
this question using surgical biopsies of deltoid muscle tis-
sues from 10 patients with FM and 10 healthy normal
controls [20]. The reverse transcriptase-polymerase chain
reaction (RT-PCR) technique was applied to the RNA pre-
pared from the muscle specimens using primers that
were designed to detect the following five substances
implicated in pain modulation in patients with FM: sub-
stance P (SP), serotonin (5-hydroxytryptamine),
galanin, pituitary adenyl cyclase activating polypeptide,
and secretoneurin.

Table 1. Histologic studies of muscle tissue in patients with fibromyalgia

Muscle studied Biopsy Procedure Microscopic findings Reference

Trapezius, Deltoids, 
and Quadriceps

Open biopsy of 
tender points

Moth-eaten and ragged red fibers, abnormal 
mitochondria

Henriksson [11], 1982 

Trapezius Open biopsy of 
tender points

Mild changes in both controls and patients Yunus [12], 1989 

Quadricep muscles Needle biopsy Rubber-band morphology Bartels [13], 1986; 
Jacobsen [14], 1991

Quadricep muscles Needle biopsy Abnormalities and duplication of membranes, 
mitochondrial abnormalities

Drewes [15], 1993 

Quadricep muscles 
(V. Lateralis)

Semi-open biopsy Reduced capillary numbers and decreased 
enzyme activities

Lindh [17], 1995

Trapezius Open biopsy of 
tender points

Reduced numbers of capillaries Bengtsson [18], 1989 

Reduced numbers of capillaries, thickened 
endothelium, moth-eaten and ragged red 
fibers, abnormal mitochondria

Lindman [16], 1991 

Various muscles Open biopsy Type-II fiber atrophy, increased lipid droplets, 
ragged red fibers, cytochrome oxidase defect

Pomgrantz [19], 1998 

Adapted from Olsen et al. [1•] 
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Assays for the five modulators were performed as in
situ RT-PCR or APAAP immunochemical reactions on mus-
cle tissue sections of 6 mm thickness. None of these pain
modulators were detected in normal controls, and only
one patient with FM had an abnormal finding, which was
the presence of mRNA for the galanin receptor. This
very limited study showed that the five substances were not
produced in peripheral muscle tissue. Nonetheless, these
histologic techniques for in situ RT-PCR may be useful in
the design and execution of future experiments to look at
other potential mediators.

Muscle Strength and Function in Patients 
with Fibromyalgia
Strength testing
Decreased muscle strength in FM has been documented
in numerous publications. Grip strength was reduced by
40% (P<0.01) in patients with FM as compared with nor-
mal controls [21,22] and maximum voluntary contractile
force (MVC) of the hand by 26% (P<0.05) [23]. For static
endurance work tests of the shoulder, as well as isometric
and isokinetic strength measurements of knee extension,
the patients with FM showed significant decreases rang-
ing from 41% to 66% [17,21,24]. In our own studies
using P-31 magnetic resonance spectroscopy (MRS) for
determination of metabolite levels, the initial evaluation
of MVC and the subsequent work performance during
exercise were both decreased by about 40% (P<0.001)
in patients with FM [25••]. Several investigations have
shown that electrical stimulation of FM wrist or quadri-
cep muscles can elicit as much as an 80% increase in
strength performance [26,27]. These studies suggest that
pain during exercise may reflexly inhibit maximal con-
tractions by patients with FM. Although some investiga-
tors have not found significant differences in muscle
strength or performance between patients with FM and
controls [28,29], the majority of studies have demon-
strated statistically significant reductions in strength and
function of patients with FM. The percent reductions,
ranging from 26% to 63%, depended on the specific
muscle group and type of exercise. The discrepancy with
those who did not observe significant differences may be
explained on the basis of different exercise protocols and
testing techniques.

Aerobic fitness and endurance in patients with 
fibromyalgia
Reduced aerobic fitness in fibromyalgia syndrome (FMS) was
documented by Bennett et al. [30], who studied a group of
patients with FM and carefully matched control subjects.
These data are compatible with the investigation by Norre-
gaard et al. [31,32] using a graded scale to measure the
amount of time spent each day in various activities. On the
basis of the activity record, they were able to estimate daily
energy consumption, which was significantly lower in

patients with FM as compared with sedentary controls. The
lack of endurance in patients with FM may be a reflection of
significantly lower blood flow in exercising muscles of
patients with FM and abnormal distribution of oxygen in FM
muscles [28,29]. Aerobic endurance in patients with FM can
be improved by supervised physical fitness training, as dem-
onstrated by McCain et al. [33,34] and Mengshoel et al.
[35,36] [30]. In addition to substantial improvements in car-
diovascular fitness and endurance, partial relief from pain
was observed in most of these supervised programs.

Metabolic Abnormalities
Fibromyalgia muscle metabolism
P-31 magnetic resonance spectroscopy (MRS) offers a use-
ful noninvasive and quantitative approach to measuring
muscle metabolism. Concentrations of the high energy
phosphate compounds required for contraction, namely,
ATP and phosphocreatine (PCr), can be determined in rest-
ing and exercising muscles using MRS. This technique has
been shown to be of value in the characterization and lon-
gitudinal management of a number of metabolic, mito-
chondrial, and inflammatory disorders of muscle [37,38].

Our recent report demonstrated the presence of signifi-
cant metabolic abnormalities in the muscles of patients
with FM as detected by P-31 MRS [25••]. In this study, 12
patients with FM and 11 normal controls were examined at
rest and during a standardized exercise protocol, as previ-
ously employed in studies of subjects with dermatomyosi-
tis [38]. The spectroscopy coil for measuring ATP, PCr, and
inorganic phosphate (Pi) was placed directly over the
quadriceps muscles [39]. Following a baseline rest period
of 6 minutes, the muscles of each subject were evaluated
during 6 minutes of intermittent lifting by contraction of
the quadriceps at 25% MVC and then at 50% MVC.

Absolute levels of both ATP and PCr were significantly
lower (15%) in muscles of the patients with FM than in the
normal control subjects at rest and during exercise at 25%
MVC (Table 2). These findings are in rather close agree-
ment with biopsy determinations, which showed reduc-
tions in ATP and PCr of 17% and 21%, respectively, in
tender sites of the trapezius muscle in patients with FM as
compared with nontender sites in the anterior tibialis or
with muscles of normal controls [40]. The reduced levels
of ATP and PCr in the patients' muscles correlated inversely
with clinical observations of weakness or pain as measured
on a visual analog scale (VAS) [40]. Reduction of ATP in
erythrocytes of patients with FM has been observed, sug-
gesting that this may be a more general systemic phenome-
non than previously thought [41,42]. All metabolic
abnormalities in the muscles of patients with FM were less
severe than those previously reported for very weak sub-
jects with dermatomyositis [38].

Decreased efficiency in FM muscle performance was
confirmed by additional calculations of the energy
reserve or phosphorylation potential (PP), according to
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Chance et al. [43]. Because PP was a value obtained in
resting FM muscles, no correction was required for the
possibility of decreased effort. This value for the muscles
of the patients with FM was 60% lower than normal val-
ues (P<0.01) (Table 3). The explanation for the reduced
work performance (V) during exercise may be explained
in part by this low PP, as well as by the decreased work/
energy-cost ratio (pounds lifted/[Pi/PCr]) and low total
oxidative capacity (Vmax), which were approximately
55% below normal values (P<0.001) [25]. These low val-
ues indicate that oxidative phosphorylation was signifi-
cantly impaired in the patients with FM. The fraction of
oxidative capacity used during the exercise (V/Vmax) was
the same for patients and controls, which means that the
patients used the same amount of energy to perform less
work (Table 3). This would be expected to translate into
the clinical symptom of decreased endurance, which is
commonly observed in FM.

The P-31 MRS data have been subjected to an artificial
neural network analysis in order to detect differences
between patients with FM and normal controls [44]. The
neural network is a computerized pattern recognition pro-
cess which has been applied to various clinical problems
[45,46]. Indeed, the neural network successfully distin-
guished patients with FM from normal controls, thereby
confirming the presence of abnormalities in FM.

A very important consideration in interpretation of P-
31 MRS data is the selection of the normal control group.
For our controls, the work- and home-related activities
were similar to those of the patients, so that the observed
metabolic differences are not readily attributable to differ-

ences in levels of activity [25••]. The control subjects used
in this study are in many ways most desirable, as represent-
ing the capacity for normal daily activity which patients
with FM desire to attain through therapeutic regimens.

A possible explanation for metabolic defects in muscles
of patients with FM is deconditioning. In order to study
this possibility, regression analyses were performed
on activity indicators (M-HAQ scores, stairs climbed, lei-
sure activities, weakness, and fatigue) versus important
metabolic parameters (ATP, PCr, and PCr/Pi). There were
no significant correlations between any of the activity indi-
cators and metabolic parameters. Pain was the only param-
eter that was inversely correlated with ATP and PCr levels
[25••]. Indeed, uncontrolled factors (eg, pain and neu-
roendocrine disturbances) could affect biochemical
parameters or muscle performance.

In contrast to our findings of low ATP and PCr levels
in FM muscles, several other laboratories did not show
abnormalities in FM data obtained with P-31 MRS
[29,47–50]. These disparities may be explained by differ-
ences in technological and experimental design. First, we
measured the absolute concentrations of ATP and PCr,
which offers the possibility of detecting abnormalities
that might otherwise be missed. Other investigators
reported only ratios of metabolites, namely, PCr/Pi or
PCr/ATP. Ratios may well be similar in patients with FM
and controls, but the concentrations of important metab-
olites in patients that make up the ratios may be substan-
tially below normal values. Secondly, we examined the
quadriceps muscles, whereas other groups studied the tra-
pezius, calf muscles, anterior tibialis, or wrist flexors. His-

Table 2. Comparison of P-31 metabolite levels in muscles of normal controls and patients with 
fibromyalgia

Subjects Rest Exercise (25% MVC)

ATP* PCr Pi ATP PCr Pi

Controls 
(n=11)

5.5 ± 0.2 24.7 ± 0.5 3.3 ± 0.1 5.5 ± 0.2 21.1 ± 0.8 6.5 ± 0.2

Patients with 
FM (n=12)

4.7 ± 0.2 21.3 ± 0.5 3.2 ± 0.2 4.8 ± 0.1 18.6 ± 0.8 5.9 ± 0.3

P Value < 0.0039 < 0.0001 NS < 0.015 < 0.03 NS

FM—fibromyalgia; NS–not significant; PCr–phosphocreatine; Pi–inorganic phosphate.
* Values are expressed as the mean ± SEM mmoles/Kg wet weight of muscle.
Adapted from Park et al. [25••].

Table 3. Phosphorylation potential, work, and total oxidative capacity

Subjects PP, mmoles-1 V, joules/min Vmax V / Vmax

Controls (n=11) 378 ± 86 80 ± 5 220 ± 17 0.37 ± 0.01
Patients with FM (n = 12) 145 ± 34 48 ± 8 124 ± 17 0.38 ± 0.02
P Value < 0.01 < 0.003 < 0.001 NS

FM— fibromyalgia; NS—not significant; PP—phosphorylation potential; V—work; Vmax—total oxidative capacity.  
Values are expressed as mean ± SEM
Adapted from Park et al. [25••].
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tologic data suggest that abnormalities are more easily
detected in the quadriceps muscles, where normal control
subjects have few abnormalities. Lastly, the exercise
regime for our MRS examinations differed from that of all
the other protocols. The results of other investigations
may be valid for their particular calculations and experi-
mental conditions.

The P-31 MRS study by Jubrias et al. [50] did demon-
strate a quantitative difference between patients with FM
and sedentary controls following strenuous exercise. The
FM muscles showed increased levels of phosphodiesters
(PDE), which are thought to reflect damaged membranes,
possibly due to lipid peroxidation and altered calcium lev-
els. These MRS results are concordant with histologic find-
ings of abnormal membranes. The presence of elevated
PDE levels in exercising FM muscles was subsequently con-
firmed by Park et al. [25••], but not by Simms and Hrovat
[51]. Elevated PDE levels are known to occur in Duchenne
muscular dystrophy and in the process of normal aging.

Magnesium levels in fibromyalgia muscles
Magnesium is an important metabolic element because it
is required for most, if not all, enzymatic reactions involv-
ing ATP. This includes the many oxidative phosphorylation
enzymes, which produce the ATP required for muscle con-
traction. Magnesium levels in FM erythrocytes have been
reported to be both normal and decreased [52,53]. Because
blood levels of magnesium do not necessarily reflect tissue
measurements, we determined the FM muscle concentra-
tions of this cation using P-31 MRS [54,55]. During exer-
cise, the differences between patients with FM and controls
were quite pronounced (Table 4). Unbound [MgFree] was
31% lower in patients with FM (P<0.03), and the enzymat-
ically active ATP complex, [MgATP], was decreased by 12%
(P<0.001). Clauw et al. [56] have shown an inverse correla-
tion between muscle magnesium levels and pain tolerance.
The findings from these two laboratories suggest the fol-
lowing defects: [1] decreased metabolic energy production
of ATP and [2] potentiation of pain by decreasing the
inhibitory effect of Mg on the N-methyl-D-aspartate
(NMDA) receptor sites.

Abraham and Flechas [53] proposed a rationale for the
combined use of magnesium and malic acid in the treat-
ment of patients with FM. For their initial open label trial

with Super Malic®, a combination of magnesium hydrox-
ide and malic acid, the authors reported substantial relief
from pain. Russell et al. [57••] designed a more rigorous
double-blind, placebo-controlled pilot study, which
showed no improvements in patients with FM receiving
low-dose Super Malic®. However, in a subsequent 6-month
open-label dose escalation trial, significant reduction in
pain was observed, as measured by HAQ scores, pain on
VAS, and TPI. Further trials of Super Malic® may prove ben-
eficial for pain reduction in FMS.

Oxygen tension and blood flow
An abnormal distribution of oxygen has been demonstrated
by placing an oxygen-sensitive probe directly on a surgically
exposed tender point of FM trapezius muscle [58]. This dis-
tribution phenomenon may have been the result of focal
ischemia due to decreased blood flow. Significantly lower
blood flow in exercising FM muscles as compared with well-
matched control subjects was demonstrated by Bennett et al.
[59] employing a 133Xenon blood clearance technique.
Additional support for disturbances in blood flow was pro-
vided by experiments showing that a sympathetic block
increased blood flow and diminished pain [60]. The previ-
ously mentioned morphologic changes in the decreased
capillary bed along with thickened endothelium may impair
the exchange of gases and metabolites [61,62].

More recently, an unexpected finding of increased oxy-
gen tension in the erector muscles of the spine in patients
with FM was reported by Strobel et al. [63], who used
polarographic oxygen fine-needle probes to make 200
measurements in each subject. The mean tissue pO2 in
mmHg was 40.6 for the patients as compared with 34.6 for
the healthy controls. Unfortunately, no statistical analyses
were performed on these data. The results of this study
contradicted the findings of Lund et al. [58]. If these data
by Strobel et al. [63] are confirmed by other investigators,
alternative explanations will need to be developed. One
intriguing possibility is that decreased oxygen utilization
by FM muscle would result in increased oxygen tension.
Such "paradoxical oxygenation" has been described using
near infrared spectroscopy in metabolic myopathies,
including those with deficiencies of cytochrome oxidase,
myophosphorylase, or phosphofructo-kinase [64]. Certain
weak patients with dermatomyositis also show "paradoxi-

Table 4. Abnormalities in Mg2+ and ATP levels in fibromyalgia quadricep muscles

Subjects [Mg free]* [MgATP] [ATP free] [ATP Total]

Controls (n=11) 0.96 ± 0.11† 4.99 ± 0.18 0.31 ± 0.03 5.31 ± 0.20
Patients with FM (n = 12) 0.67 ± 0.05† 4.40 ± 0.12 0.37 ± 0.03 4.77 ± 0.12
P Value < 0.03 < 0.01 NS < 0.03

FM—fibromyalgia
*expressed as mmoles/Kg weight of muscle
† values represent mean ± SEM
Adapted from Niermann et al. [54], and Park et al. [55].
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cal oxygenation" [65]. Decreased rates of extraction of oxy-
gen from circulating blood could be due to deficiencies in
oxidative metabolism in mitochondria or to capillary
abnormalities that prevent normal tissue exchange.

Metabolic abnormalities: case studies
The characteristic features of fibromyalgia, namely, wide-
spread pain with tender points, can be observed as part of
other well-defined syndromes. Two recent case reports
describe patients with FMS in whom well-defined meta-
bolic derangements were later uncovered.

Myoadenylate deaminase deficiency
The subject of this report was a 53-year old woman with a
10-year history of fatigue and myalgias [66]. She had palpa-
ble muscle irregularities and worsening of pain following
exertion. Many routine laboratory tests, including thyroid
studies, were normal. A diagnosis of fibromyalgia was made.
She pursued a program of weight lifting and aerobic exer-
cise, but this provided no relief. Due to the persistent and
unremitting nature of her symptoms, a muscle biopsy was
performed. Type-II muscle fiber atrophy was seen on histo-
logic analysis. Subsequently, an ischemic forearm test was
conducted and showed abnormal lactic acid production.
Further genetic testing at the DNA level revealed that she was
heterozygous for a mutation of the AMPD-1 gene responsi-
ble for the syndrome of myoadenylate deaminase (MAD)
deficiency. The pattern of aberrant gene expression was con-
sistent with the secondary or acquired form of MAD defi-
ciency. The authors point out that although the ischemic
forearm test is a very useful way to diagnose this relatively
common disorder, some reports do not measure ammonia
as well as lactate during the testing, and therefore some cases
of MAD deficiency will be missed. They cite a study in which
10 patients with FM were said to have normal ischemic fore-
arm tests. However, ammonia levels were not reported, and
it is possible that some patients with underlying MAD defi-
ciency might have gone undetected. The observation that
this metabolic defect can result in many of the same clinical
symptoms as FM suggests that alterations of muscle metabo-
lism could contribute to the pathogenesis of this disorder, in
at least some patients [67,68•].

Hyperkalemic periodic paralysis
A Swedish group has reported the case of a 38-year-old
woman with a 20-year history of fatigue [69]. She subse-
quently developed tender points, and a diagnosis of FM
was made. Many routine laboratory tests were normal. She
was treated with amitriptyline and an exercise routine.
However, symptoms continued without any improvement,
and she noted general worsening in cold weather. Two
years later, she was thoroughly re-evaluated with no abnor-
malities found. In addition, there was now a history of
muscle pains and weakness in her 10-year-old son. After
one episode of exertion, he had a witnessed attack of mus-
cle paralysis. A more extensive family history then revealed

that other relatives, including the proband’s father and
grandfather, had persistent muscle pain and weakness
which in some cases was incapacitating. Both the proband
and her son had normal muscle bulk, and there was no evi-
dence of myotonia induced by room temperature or
manipulations such as percussion or handshake. However,
with forearm cold water testing, both subjects showed stiff-
ness and myotonia of the hand muscles. The woman was
given a test dose of potassium hydrochloride (2 grams),
which produced rapid but reversible paralysis. Serum
potassium levels remained within the normal range. EMG
studies performed at room temperature in both the
woman and her son were normal. Biopsies obtained from
the quadriceps muscles were normal at both the light
microscopic and ultrastructural levels. The woman was
treated with a thiazide diuretic to maintain the serum
potassium level at 3.5 mmol/L and a beta agonist agent to
use for acute paralytic attacks. Her diet was modified to
include frequent, high-carbohydrate meals. Some of the
symptoms were improved on this regimen.

The authors of this report note that some patients with
FM might in fact have such a channelopathy and that it is
conceivable that therapies for this or related disorders
could become available. They also note that when a diag-
nosis of FM is made, the treating physicians should be
aware that underlying myopathic disorders are in the dif-
ferential diagnosis, and further clinical investigations may
be warranted in some patients.

Discussion
Muscle pain, tender points, and fatigue represent primary
complaints for most patients. Pain is accentuated during
sustained muscle exertion and recedes upon cessation of
activity. The focal nature of this pain was demonstrated by
injection of local anesthetic agents. First, the tender points
were far more sensitive to the insertion of the needle than
the adjacent muscle [70]. Secondly, epidural injection of
lidocaine in patients with FM totally abolished pain, even in
the tender points, whereas saline had no effect [71]. Thus,
FM muscle pain was at least partially of peripheral origin.
The focal pain may originate from peripheral defects, both
morphologic and biochemical, which may also promote the
symptoms of weakness and fatigue [72••]. In addition, the
multiple peripheral defects can interact with central factors
to account for cellular abnormalities as well as pain, weak-
ness, and fatigue (Fig. 1).

Peripheral factors
Major peripheral defects in FM muscles were observed in the
capillary bed with abnormally thickened endothelium,
impaired diffusion, and decreased blood flow [3•,15–18]
(Fig. 1, central cycle). This could lead to decreased oxygen-
ation and reduced ATP synthesis via oxidative phosphoryla-
tion in mitochondria [25••,30,40]. These findings, along
with the decreased phosphorylation potential (PP) and total
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oxidative capacity (Vmax), offer a partial explanation for the
reduced work performance of the patients [17,21,24,25••].

Bennett [72] proposed that muscle pain in patients
with FM may also be caused by the focal areas of ischemia
with decreased ATP levels. Indeed, low levels of ATP in FM
muscles inversely correlate with increased levels of pain
[25••]. Diminished strength and endurance could also
result in part from pain, which reflexly inhibits voluntary
contraction. Damaged muscle membranes due to ischemia
and lack of ATP may permit Ca2+ influx into sarcomeres,

producing even greater ATP deficits with further membrane
damage, as evidenced by increased phosphodiesters (PDE)
[50]. Ca2+ influx is accompanied by K+ efflux, which causes
activation of the nociceptor pain pathway, thereby amplify-
ing the peripheral cycle of metabolic abnormalities, induc-
tion of pain, weakness, and fatigue.

Central factors
Abundant evidence exists indicating that patients with FM
have a heightened general pain sensitivity, which may be sus-

Figure 1. Diagram of proposed interactions of peripheral and central factors leading to pain and muscle dysfunction in FMS. In the FM muscle, 
the decreased capillary bed volume and thickened endothelium could lead to focal areas of ischemia and impaired ATP production via mito-
chondrial oxidation. Ischemia and ATP deficit cause membrane damage leading to increased Ca 2+ influx and accompanying K+ efflux, which 
activates the pain nociceptors in muscle. Increased pain produces diminished muscle activity and sustained contractions, thereby 
completing the peripheral cycle which accentuates the intrinsic abnormalities in muscle. The pain of central origin is augmented by decreases in 
central factors such as the antinociceptive serotonin, which inhibits transmission of the pain signals. Levels of neurotransmitters which amplify 
pain signals are increased, namely, NGF and substance P. The stress of heightened pain perception produces peripheral endocrinological 
changes resulting in greater somatostatin release from the hypothalamus, with subsequent inhibition of GH and TSH. The resultant depression of 
IGF-1 and T3 affects the muscle per se by preventing muscle membrane repair following exercise, reduced O2 consumption and impaired ATP 
synthesis. The overall picture is one of complex peripheral and central interactions, which act to promote muscle pain, weakness and fatigue in 
FM patients.
CGRP—calcitonin gene-related peptide; CRH—corticotropin-releasing hormone; GH—growth hormone; 5HTP—5-hydroxytryptophan; 
IGF-1—insulin-like growth factor-1; NGF—nerve growth factor; TRP—tryptophan; TSH—thyroid stimulating hormone. 
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tained and amplified by continuous upgrading of peripheral
nociceptive input [73] (Fig. 1, left panel). The proposed basis
for this enhancement of secondary hyperalgesia is the activa-
tion of the N-methyl-D-aspartate (NMDA) receptors, which
synergistically interact with substance P (SP) [74,75]. In fact,
the NMDA receptor antagonist, ketamine, attenuates pain
and pain thresholds when administered intravenously to
patients with FM [76••]. Substantial support for the neuro-
chemical pathogenesis of FM resides in the observation that
concentrations of neurotransmitters that facilitate nocicep-
tion, namely, SP and nerve growth factor (NGF), are signifi-
cantly elevated the in CSF of patients with FM [5,77]. By
contrast, serotonin, which inhibits the release of SP by affer-
ent neurons, is decreased in CSF [78]. These three modifica-
tions of neurotransmitter levels in CSF all act in the direction
of amplification of pain perception.

The stress elicited by enhanced generalized pain and
other circumstances can produce significant endocrinologic
changes in the hypothalamic-pituitary-adrenal axis, as dem-
onstrated by Crofford et al. (6••,79) (Fig. 1, right panel). The
perturbed circadian rhythm, due to the disturbed CRH and
cortisol levels, leads to augmented somatostatin release from
the hypothalamus. Somatostatin then mediates a down-reg-
ulation of secretion of growth hormone (GH) and thyroid
stimulating hormone (TSH) from the pituitary gland [9•,10].
Deficiencies of GH and its major mediator, insulin-like
growth factor-1 (IGF-1), could contribute to multiple symp-
toms in FMS: reduced strength and endurance, fatigue, inade-
quate repair of muscle following exercise, leaky membrane
abnormalities with impaired Ca+ transport, and muscle pain
[80•]. Daily GH administration to women with FM and low
IGF-1 levels affords significant improvement in the number
of tender points and general clinical status [8••]. The reduc-
tion in TSH secretion by the pituitary gland and the accom-
panying decrease in the thyroid hormone T3 would result in
lower oxygen consumption. Changes in oxygen availability
may relate to the focal ischemic areas in muscle and the well-
known impairment of mitochondrial oxidative phosphoryla-
tion and ATP synthesis [10] (Fig. 1, middle cycle).

Conclusions
The peripheral defects in FM muscles per se can be corre-
lated with the central disease manifestations of the abnor-
mal levels of neurochemical transmitters and perturbed
endocrine status. Most of the experimental data from stud-
ies of peripheral and central abnormalities are consistent
with the picture of a multidimensional disease with close
interrelation between organ systems. The increased knowl-
edge base derived from clinical and scientific studies has
provided many incentives for drug therapies, such as GH,
serotonin reuptake inhibitors (tramadol), NMDA receptor
antagonists (ketamine), magnesium (Super Malic®), as
well as supervised exercise programs [81••]. As technology
and genetic approaches are advanced, one can anticipate
clearer elucidation of the pathogenesis and etiology of FM.

Ackowledgments
The preceeding was supported by The Arthritis Foundation,
The Research Foundation of the American College of Rheuma-
tology, and the National Institutes of Health (AR43156).

References and Recommended Reading
Papers of particular interest, published recently, have been 
highlighted as:
• Of importance
•• Of major importance

1.• Olsen NJ, Park JH: Skeletal muscle abnormalities in patients 
with fibromyalgia. Am J Med Sci 1998, 351:315-358.

This article reviews the histologic, metabolic, and functional 
abnormalities in FM muscles.

2.• Norregaard J: Muscle function, psychometric scoring and 
prognosis in patients with widespread pain and tenderness 
(fibromyalgia). Dan Med Bull 1998, 45:256-267.

This article reviews the histologic, metabolic, and functional 
abnormalities in FM muscles.

3.• Henriksson J: Muscle activity and chronic muscle pain. 
J Musculoskeletal Pain 1999, 7:101-109.

This article reviews the histologic, metabolic, and functional 
abnormalities in FM muscles.

4. Russell IJ: Advances in fibromyalgia: possible role for central 
neurochemicals. Am J Med Sci 1998, 315:377-384.

5.•• Giovengo SL, Russell IJ, Larson AA: Increased concentrations 
of nerve growth factor in cerebrospinal fluid of patients with 
fibromyalgia. J Rheumatol 1999, 26:1564-1569.

This paper details the most recent factor known to increase in the CSF.
6.•• Crofford LJ, Demitrack MA: Evidence that abnormalities of 

central neurohormonal systems are key to understanding 
fibromyalgia and chronic fatigue syndrome. Rheum Dis 
Clin NA 1996, 22:267-284.

This article presents an excellent summary of the endocrine factors 
involved in FMS.

7. Crofford LJ, Engleberg NC, Demitrack MA: Neurohormonal 
perturbations in fibromyalgia. Bailliére's Clin Rheumatol 
1996, 10:365-378.

8.•• Bennett RM, Clark SC, Walczyk J: A randomized, double-
blind, placebo-controlled study of growth hormone in 
the treatment of fibromyalgia. Am J Med 1998, 104:227-231.

These studies detail the effects of deficiency of insulin-like growth fac-
tor-1 in some patients with FM and the improvements of clinical sta-
tus by administration of growth hormone.

9.• Bennett RM, Cook DM, Clark SR, et al.: Hypothalamic-pitu-
itary-insulin-like growth factor-1 axis dysfunction in patients 
with fibromyalgia. J Rheumatol 1997, 24:1384-1389.

These studies detail the effects of deficiency of insulin-like growth fac-
tor-1 in some patients with FM and the improvements of clinical sta-
tus by administration of growth hormone.
10. Reidel H, Layka H, Neeck G: Secretory pattern of GSH, TSH, 

thyroid hormones, ACTH, cortisol, FSH, and LH in patients 
with fibromyalgia syndrome following systemic injection of 
the relevant hypothalamic-releasing hormones. Z Rheumatol 
1998, 57(suppl 2):81-87.

11. Henriksson KG, Bengtsson A, Larsson J, et al.: Muscle biopsy 
findings of possible diagnostic importance in primary 
fibromyalgia (fibrositis, myofascial syndrome). Lancet 1982, 
1:1395.

12. Yunus MB, Kalyan-Raman UP, Masi AT, Aldag JC: Electron 
microscopic studies of muscle biopsy in primary fibro-
myalgia syndrome: a controlled and blinded study. 
J Rheumatol 1989, 16:97-101.

13. Bartels EM, Danneskiold-Samsoe B: Histological abnor-
malities in muscle from patients with certain types of 
fibrositis. Lancet 1986, 1:755-757.



Evidence for Metabolic Abnormalities in the Muscles of Patients with Fibromyalgia  •  Park et al. 139
14. Jacobsen S, Bartels EM, Danneskiold-Samsoe B: Single cell 
morphology of muscle in patients with chronic muscle pain. 
Scand J Rheumatol 1991, 20:336-343.

15. Drewes AM, Andreasen A, Schroder HD, et al.: Pathology of 
skeletal muscle in fibromyalgia: a histo-immuno-chemical 
and ultrastructural study. Brit J Rheumatol 1993, 32:479-483.

16. Lindman R, Hagberg M, Bengtsson A, et al.: Changes in trape-
zius muscle structure in fibromyalgia and chronic trapezius 
myalgia. In Musculoskeletal Pain, Myofascial Pain Syndrome and 
the Fibromyalgia Syndrome. Edited by Jacobsen S, Danneskiold-
Samsoe B, Lund B. New York: The Haworth Medical Press; 
1993:171-176.

17. Lindh MH, Johansson LG, Hedberg M, et al.: Muscle fiber 
characteristics, capillaries and enzymes in patients with 
fibromyalgia and controls. Scand J Rheumatol 1995, 24:34-37.

18. Bengtsson A, Henriksson KG: The muscle in fibromyalgia: 
a review of Swedish studies. J Rheumatol 1989, 16:144-149.

19. Pongrantz DE, Späth M: Morphologic aspects of fibromyalgia. 
Z Rheumatol 1998, 57(suppl 2):47-51.

20. Sprott H, Bradley LA, Oh SJ, Wintersberger W, et al.: Immuno-
histochemical and molecular studies of serotonin, substance 
P, galanin, pituitary adenylyl cyclase-activating polypeptide, 
and secretoneurin in fibromyalgic muscle tissue. Arthritis 
Rheum 1998, 41:1689-1694.

21. Mengshoel AM, Forre O, Komnaes HB: Muscle strength and 
aerobic capacity in primary fibromyalgia. Clin Exp Rheumatol 
1990, 8:475-479.

22. Nordenskiold UM, Grimby G: Grip force in patients with 
rheumatoid arthritis and fibromyalgia and in normal sub-
jects. A study with Grippit instrument. Scand J Rheumatol 
1993, 22:14-19.

23. Bengtsson A, Henriksson KG, Jorfeldt L, et al.: Primary fibromy-
algia: a clinical and laboratory study of 55 patients. 
Scand J Rheumatol 1986, 15:340-347.

24. Jacobsen S, Danneskiold-Samsoe B: Isometric and isokinetic 
muscle strength in patients with fibrositis syndrome: new 
characteristics for a difficult definable category of patients. 
Scand J Rheumatol 1987, 21:28-34.

25.•• Park JH, Phothimat P, Oates CT, et al.: Use of P-31 magnetic 
resonance spectroscopy to detect metabolic abnormalities 
in muscles of patients with fibromyalgia. Arthritis Rheum 
1998, 41:406-413.

A quantitative study using P-31 MRS to detect low levels of ATP 
and phosphocreatine, decreased phosphorylation potential, and 
oxidative capacity in FM muscles.
26. Jacobsen S, Wildschiodtz G, Danneskiold-Samsoe B: Isokinetic 

and isometric muscle strength combined with transcutane-
ous electrical stimulation in primary fibromyalgia syndrome. 
J Rheumatol 1992, 18:1390-1393.

27. Lindh MH, Johansson LG, Hedberg M, Grimby GL: Studies on 
maximal voluntary contraction in patients with fibromyalgia. 
Arch Phys Med Rehabil 1994, 75:1217-1222.

28. Elert J, Rantapaa-Dahlqvist SR, Henriksson-Larsen K, Gerdle 
BU: Muscle performance, electromyography, and fibre type 
composition in fibromyalgia and work-related myalgia. Scand 
J Rheumatol 1991, 21:28-34.

29. Simms RW, Roy SH, Hrovat M, et al.: Lack of association 
between fibromyalgia syndrome and abnormalities in muscle 
energy metabolism. Arthritis Rheum 1994, 37:794-800.

30. Bennett RM, Clark SR, Goldberg L, et al.: Aerobic fitness in 
patients with fibrositis: a controlled study of respiratory gas 
exchange and 133xenon clearance from exercising muscle. 
Arthritis Rheum 1989, 32:454-460.

31. Norregaard J, Bulow PM, Vestergaard-Poulsen P, et al.: Muscle 
strength, voluntary activation and cross-sectional muscle 
area in patients with fibromyalgia. Br J Rheumatol 1995, 
34:925-931.

32. Vestergaard-Poulsen P, Thomsen C, Norregaard J, et al.: 31P 
NMR spectroscopy and electromyography during exercise 
and recovery in patients with fibromyalgia. J Rheumatol 1995, 
22:1544-1551.

33. McCain GA, Bell DA, Mai FM, Halliday PD: A controlled study 
of the effects of a supervised cardiovascular fitness training 
program on the manifestations of primary fibromyalgia. 
Arthritis Rheum 1988, 31:1135-1141.

34. McCain GA: A clinical overview of the fibromyalgia 
syndrome. J Musculoskel Pain 1996, 4:9-34.

35. Mengshoel AM, Komnaes HB, Forre O: The effects of 20 weeks 
of physical fitness training in female patients with fibro-
myalgia. Clin Exp Rheumatol 1992, 10:345-349.

36. Mengshoel AM, Forseth KO, Haugen M, et al.: Multidisci-
plinary approach to fibromyalgia: a pilot study. Clin 
Rheumatol 1995, 14:165-170.

37. Chance B, Younkin DP, Kelly R, et al.: Magnetic resonance 
spectroscopy of normal and diseased muscles. Am J Med 
Genetics 1986, 25:659-679.

38. Park JH, Vital T, Ryder N, et al.: MR imaging and P-31 MR 
spectroscopy provide unique quantitative data for longi-
tudinal management of patients with dermatomyositis. 
Arthritis Rheum 1994, 37:736-746.

39. Park JH, Olsen NJ: Skeletal muscle imaging for evaluation 
of myopathy. In Diseases of Skeletal Muscle. Edited by 
Wortmann RL. Philadelphia: Lippincott Williams and Wilkins; 
2000:293-312.

40. Bengtsson A, Henriksson KG, Larsson J: Reduced high-energy 
phosphate levels in the painful muscles of patients with 
primary fibromyalgia. Arthritis Rheum 1986, 29:817-821.

41. Russell IJ, Vipraio GA: Red cell nucleotide abnormalities 
in fibromyalgia syndrome (abstract). Arthritis Rheum 1993, 
36:S223.

42. Eisinger J, Plantamura A, Ayavou T: Glycolysis abnormalities 
in fibromyalgia. J Am Coll Nutr 1994, 13:144-148.

43. Chance B, Leigh JS, Maris J, et al.: Control of oxidative meta-
bolism and oxygen delivery in human skeletal muscle: 
a steady-state analysis of the work/energy cost transfer 
function. Proc Natl Acad Sci USA 1985, 82:8384-8388.

44. Kari S, Park JH, Hernanz-Schulman M, Olsen NJ: Analysis of 
P-31 magnetic resonance spectroscopy data using artificial 
neural networks for evaluation of fibromyalgia patients 
(abstract). Arthritis Rheum 1997, 40:S188.

45. Kari S, Olsen NJ, Park JH: Evaluation of muscle diseases using 
artificial neural network analysis of 31P MR spectroscopy 
data. Magnetic Reson Med 1995, 34:664-672.

46. Park JH, Kari S, King LE, Olsen NJ: Analysis of P-31 MR 
spectroscopy data using artificial neural networks for 
longitudinal evaluation of muscle diseases: dermatomyositis. 
NMR in Biomedicine 1998, 11:245-265.

47. de Blecourt AC, Wolf RF, van Rijswijk MH, et al.: In vivo 
31P magnetic resonance spectroscopy of tender points in 
patients with primary fibromyalgia syndrome. Rheumatol 
Int 1991, 11:51-54.

48. Jacobsen S, Jensen KE, Thomsen C, et al.: 31P magnetic 
resonance spectroscopy of skeletal muscle in patients with 
fibromyalgia. J Rheumatol 1992, 19:1600-1603.

49. Roy SH: Combined use of surface electromyography and 
31P-NMR spectroscopy for the study of muscle disorders. 
Phys Ther 1993, 73:892-901.

50. Jubrias SA, Bennett RM, Klug GA: Increased incidence of 
a resonance in the phosphodiester region of 31P nuclear 
magnetic resonance spectra in the skeletal muscle of 
fibromyalgia patients. Arthritis Rheum 1994, 37:801-807.

51. Simms RW, Hrovat M: Role of phosphodiesters (PDE) in 
muscles of patients with fibromyalgia. Arthritis Rheum 1995, 
38:S229.

52. Eisinger J, Blairet D, Brue F, Ayavou T: Brief clinical note: 
absence of correlation between magnesium and riboflavin 
status. Magnes Res 1993, 6:161-162.

53. Abraham GE, Flechas JD: Managements of fibromyalgia: 
rationale for use of magnesium and malic acid. J Nutr Med 
1992, 3:49-59.

54. Niermann KJ, Park JH, Olsen NJ: Abnormalities in the levels 
of total and ATP-bound magnesium (Mg2+) in muscles of 
fibromyalgia patients. Arthritis Rheum 1998, 41:S1336.



140 Fibromyalgia
55. Park JH, Niermann KJ, Carr BN, Olsen NJ: Abnormalities in 
magnesium (Mg2+) and ATP levels in muscle disorders: 
dermatomyositis and fibromyalgia. Int Soc Magnetic Resonance 
Med 1999, 7:1537.

56. Clauw D, Ward K, Katz P, Sunder R: Muscle intracellular 
magnesium levels correlate with pain tolerance in fibro-
myalgia (FM). Arthritis Rheum 1994, 37:S213.

57.• Russell IJ, Michalek JE, Flechas JD, Abraham GE: Treatment of 
fibromyalgia syndrome with Super Malic(r): a randomized, 
double blind, placebo controlled, crossover pilot study. 
J Rheum 1995, 22:953-958.

This study represents a promising therapy using magnesium 
(Super Malic) for the treatment of FMS.
58. Lund N, Bengtsson A, Thorborg P: Muscle tissue oxygen 

pressure in primary fibromyalgia. Scand J Rheum 1986, 
15:165-173.

59. Bengtsson A, Bengtsson M: Regional sympathetic blockade in 
primary fibromyalgia. Pain 1988, 33:161-167.

60. Larsson SE, Ålund M, Cai H, Öberg PÅ: Chronic pain after 
soft-tissue injury of the cervical spine: trapezius muscle 
blood flow and electromyography at static loads and fatigue. 
Pain 1994, 57:173-180.

61. Lindman R, Hagberg M, Bengtsson A, et al.: Capillary structure 
and mitochondrial volume density in the trapezius muscle of 
chronic trapezius myalgia, fibromyalgia and healthy subjects. 
J Musculoskel Pain 1995, 3(3):5-22.

62. Lindh M, Johansson G, Hedberg M, et al.: Muscle fiber charac-
teristics, capillaries and enzymes in patients with fibro-
myalgia and controls. Scand J Rheumatol 1995, 24:34-37.

63. Strobel ES, Krapf M, Suckfull M, et al.: Tissue oxygen measure-
ment and 31P magnetic resonance spectroscopy in patients 
with muscle tension and fibromyalgia. Rheumatol Int 1997, 
16:175-180.

64. Bank W, Chance B: An oxidative defect in metabolic myo-
pathies: diagnosis by noninvasive tissue oximetry. Annals 
Neurology 1994, 36:830-837.

65. Park JH, Olsen NJ, Lech G, et al.: Paradoxical oxygenation of 
muscle during exercise by patients with dermatomyositis as 
detected by near infrared spectroscopy. Arthritis Rheum 1995, 
38:S168.

66. Marin R, Connick E: Tension myalgia versus myoadenylate 
deaminase deficiency: a case report. Arch Phys Med Rehabil 
1997, 78:95-97.

67. Wortmann RL: Searching for the cause of fibromyalgia: is 
there a defect in energy metabolism? Arthritis Rheum 1994, 
37:790-793.

68.• Wortmann RL: Metabolic diseases of muscle.In  In Diseases 
of Skeletal Muscle. Edited by Wortmann RL. Philadelphia: 
Lippincott Williams and Wilkins; 2000:157-188.

An excellent new book on the metabolic diseases of muscle.
69. Gotze FR, Thid S, Kyllerman M: Fibromyalgia in hyperkalemic 

periodic paralysis. Scand J Rheumatol 1998, 27:383-384.
70. Travell JG, Simons DG: Myofascial pain and dysfunction: the 

trigger point manual. Baltimore: Williams and Wilkins; 1983.
71. Bengtsson M, Bengtsson A, Jorfeldt L: Diagnostic epidural 

opioid blockade in primary fibromyalgia at rest and during 
exercise. Pain 1989, 39:171-180.

72.•• Bennett RM: The contribution of muscle to the generation of 
muscle symptomatology. J Musculoskeletal Pain 1996, 4:35-59.

An excellent review of muscle abnormalities which contribute to the 
clinical symptomatology of FM.
73. Arroyo JF, Cohen ML: Abnormal responses to electrocu-

taneous stimulation in fibromyalgia. J Rheumatol 1993, 
20:1925-1931.

74. Dickenson AH, Sullivan AF: NMDA receptors and central 
hyperalgesic states. Pain 1991, 46:344-346.

75. Dougherty PM, Willis WD: Enhancement of spinothalamic 
neuron responses to chemical and mechanical stimuli 
following combined micro-iontophoretic application of N-
methyl-D-aspartic acid and substance P. Pain 1992, 47:85-93.

76.•• Sorenson J, Bengtsson A, Backman E, et al.: Pain analysis in 
patients with fibromyalgia: effects of intravenous morphine, 
lidocaine and ketamine. Scand J Rheumatol 1995, 24:360-365.

Therapeutic treatments based on the knowledge of neurochemical 
defects in FMS.
77. Russell IJ, Orr MD, Littman B, et al.: Elevated cerebrospinal 

levels of substance P in patients with the fibromyalgia 
syndrome. Arthritis Rheum 1994, 37:1593-1601.

78. Russell IJ: Neurochemical pathogenesis of fibromyalgia. 
Z Rheumatol 1998, 57(suppl 2:,63-66.

79. Crofford LJ, Pillemer SR, Kalogeras KT, et al.: Hypothalamic-
pituitary-adrenal perturbations in patients with fibro-
myalgia. Arthritis Rheum 1994, 37:1583-1592.

80.• Bennett RM: Emerging concepts in the neurobiology of 
chronic pain: evidence of abnormal sensory processing 
in fibromyalgia. Mayo Clinic Proc 1999, 74:385-398.

A critical review of the neurobiology of chronic pain, with special 
emphasis on fibromyalgia.
81.•• McCain GA: Treatment of fibromyalgia syndrome. J Musculo-

skeletal Pain 1999, 7:193-208.
A comprehensive summary of current therapies for fibromyalgia 
documented with data from well-controlled blinded studies.


	Evidence for Metabolic Abnormalities in the Muscles of Patients with Fibromyalgia
	Evidence for Metabolic Abnormalities in the Muscles of Patients with Fibromyalgia
	Jane
	Jane
	H.
	Park,
	PhD,
	Kenneth
	J.
	Niermann,

	Address
	Address
	Vanderbilt University School of Medicine
	Vanderbilt University School of Medicine

	Current Rheumatology Reports
	Current Rheumatology Reports
	2000

	Current Science Inc. ISSN
	Copyright © 2000 by Current Science Inc.

	<TABLE>
	<TABLE BODY>
	<TABLE ROW>
	Widespread muscle pain, fatigue, and weakness are defining characteristics of patients with fibro...



	Introduction
	Introduction
	Fibromyalgia (FM) is characterized by widespread muscle pain, as well as tender points, fatigue, ...
	The major factors responsible for the debilitating pain in patients with FM have been actively di...
	<TABLE>
	Table 1.� Histologic studies of muscle tissue in patients with fibromyalgia
	<TABLE HEADING>
	<TABLE ROW>
	Muscle studied
	Biopsy Procedure
	Microscopic findings
	Reference


	<TABLE BODY>
	<TABLE ROW>
	Trapezius, Deltoids, and Quadriceps
	Open biopsy of tender points
	Moth-eaten and ragged red fibers, abnormal mitochondria
	Henriksson [11], 1982

	<TABLE ROW>
	Trapezius
	Open biopsy of tender points
	Mild changes in both controls and patients
	Yunus [12], 1989

	<TABLE ROW>
	Quadricep muscles
	Needle biopsy
	Rubber-band morphology
	Bartels [13], 1986; Jacobsen [14], 1991

	<TABLE ROW>
	Quadricep muscles
	Needle biopsy
	Abnormalities and duplication of membranes, mitochondrial abnormalities
	Drewes [15], 1993

	<TABLE ROW>
	Quadricep muscles (V. Lateralis)
	Semi-open biopsy
	Reduced capillary numbers and decreased enzyme activities
	Lindh [17], 1995

	<TABLE ROW>
	Trapezius
	Open biopsy of tender points
	Reduced numbers of capillaries
	Bengtsson [18], 1989

	<TABLE ROW>
	Reduced numbers of capillaries, thickened endothelium, moth-eaten and ragged red fibers, abnormal...
	Lindman [16], 1991

	<TABLE ROW>
	Various muscles
	Open biopsy
	Type-II fiber atrophy, increased lipid droplets, ragged red fibers, cytochrome oxidase defect
	Pomgrantz [19], 1998


	<TABLE FOOTING>
	<TABLE ROW>
	Adapted from Olsen et al. [1•]
	Adapted from




	This review focuses on recent investigations of abnormalities of muscle structure, impaired energ...

	Histologic Muscle Abnormalities
	Histologic Muscle Abnormalities
	Microscopic examination of fibromyalgia muscle structure
	Microscopic examination of fibromyalgia muscle structure
	Many histologic abnormalities have been described in fibromyalgia muscles using both light and el...
	More recently, Pongrantz and Späth [
	The degenerative muscle changes in membranes, mitochondria, and capillary vessels may be related ...

	Attempted detection of pain modulators in fibromyalgia muscle tissues
	Attempted detection of pain modulators in fibromyalgia muscle tissues
	A novel approach to histologic examination of FM muscle tissue is to determine whether putative m...
	Assays for the five modulators were performed as in situ RT-PCR or APAAP immunochemical reactions...


	Muscle Strength and Function in Patients with Fibromyalgia
	Muscle Strength and Function in Patients with Fibromyalgia
	Strength testing
	Strength testing
	Decreased muscle strength in FM has been documented in numerous publications. Grip strength was r...

	Aerobic fitness and endurance in patients with fibromyalgia
	Aerobic fitness and endurance in patients with fibromyalgia
	Reduced aerobic fitness in fibromyalgia syndrome (FMS) was documented by Bennett


	Metabolic Abnormalities
	Metabolic Abnormalities
	Fibromyalgia muscle metabolism
	Fibromyalgia muscle metabolism
	P-31 magnetic resonance spectroscopy (MRS) offers a useful noninvasive and quantitative approach ...
	Our recent report demonstrated the presence of significant metabolic abnormalities in the muscles...
	<TABLE>
	Table 2.� Comparison of P-31 metabolite levels in muscles of normal controls and patients with fi...
	<TABLE HEADING>
	<TABLE ROW>
	Subjects
	Rest
	Exercise (25% MVC)

	<TABLE ROW>
	ATP*
	PCr
	Pi
	ATP
	PCr
	Pi


	<TABLE BODY>
	<TABLE ROW>
	Controls (n=11)
	5.5 ± 0.2
	24.7 ± 0.5
	3.3 ± 0.1
	5.5 ± 0.2
	21.1 ± 0.8
	6.5 ± 0.2

	<TABLE ROW>
	Patients with FM (n=12)
	4.7 ± 0.2
	21.3 ± 0.5
	3.2 ± 0.2
	4.8 ± 0.1
	18.6 ± 0.8
	5.9 ± 0.3

	<TABLE ROW>
	P Value
	P

	< 0.0039
	< 0.0001
	NS
	< 0.015
	< 0.03
	NS


	<TABLE FOOTING>
	<TABLE ROW>
	FM—fibromyalgia; NS–not significant; PCr–phosphocreatine; Pi–inorganic phosphate.

	<TABLE ROW>
	* Values are expressed as the mean ± SEM mmoles/Kg wet weight of muscle.

	<TABLE ROW>
	Adapted from Park et al. [25••].
	Adapted from




	<TABLE>
	Table 3.� Phosphorylation potential, work, and total oxidative capacity
	<TABLE HEADING>
	<TABLE ROW>
	Subjects
	PP, mmoles-1
	V, joules/min
	Vmax
	V / Vmax


	<TABLE BODY>
	<TABLE ROW>
	Controls (n=11)
	378 ± 86
	80 ± 5
	220 ± 17
	0.37 ± 0.01

	<TABLE ROW>
	Patients with FM (n = 12)
	145 ± 34
	48 ± 8
	124 ± 17
	0.38 ± 0.02

	<TABLE ROW>
	P Value
	P

	< 0.01
	< 0.003
	< 0.001
	NS


	<TABLE FOOTING>
	<TABLE ROW>
	FM— fibromyalgia; NS—not significant; PP—phosphorylation potential; V—work; Vmax—total oxidative ...

	<TABLE ROW>
	Values are expressed as mean ± SEM

	<TABLE ROW>
	Adapted from Park et al. [25••].
	Adapted from




	Absolute levels of both ATP and PCr were significantly lower (15%) in muscles of the patients wit...
	Decreased efficiency in FM muscle performance was confirmed by additional calculations of the ene...
	The P-31 MRS data have been subjected to an artificial neural network analysis in order to detect...
	A very important consideration in interpretation of P- 31 MRS data is the selection of the normal...
	A possible explanation for metabolic defects in muscles of patients with FM is deconditioning. In...
	<TABLE>
	Table 4.� Abnormalities in Mg2+ and ATP levels in fibromyalgia quadricep muscles
	<TABLE HEADING>
	<TABLE ROW>
	Subjects
	[Mg free]*
	[MgATP]
	[ATP free]
	[ATP Total]


	<TABLE BODY>
	<TABLE ROW>
	Controls (n=11)
	0.96 ± 0.11†
	4.99 ± 0.18
	0.31 ± 0.03
	5.31 ± 0.20

	<TABLE ROW>
	Patients with FM (n = 12)
	0.67 ± 0.05†
	4.40 ± 0.12
	0.37 ± 0.03
	4.77 ± 0.12

	<TABLE ROW>
	P Value
	P

	< 0.03
	< 0.01
	NS
	< 0.03


	<TABLE FOOTING>
	<TABLE ROW>
	FM—fibromyalgia

	<TABLE ROW>
	*expressed as mmoles/Kg weight of muscle

	<TABLE ROW>
	† values represent mean ± SEM
	†


	<TABLE ROW>
	Adapted from Niermann et al. [54], and Park et al. [55].
	Adapted from




	In contrast to our findings of low ATP and PCr levels in FM muscles, several other laboratories d...
	The P-31 MRS study by Jubrias

	Magnesium levels in fibromyalgia muscles
	Magnesium levels in fibromyalgia muscles
	Magnesium is an important metabolic element because it is required for most, if not all, enzymati...
	Abraham and Flechas [

	Oxygen tension and blood flow
	Oxygen tension and blood flow
	An abnormal distribution of oxygen has been demonstrated by placing an oxygen-sensitive probe dir...
	More recently, an unexpected finding of increased oxygen tension in the erector muscles of the sp...

	Metabolic abnormalities: case studies
	Metabolic abnormalities: case studies
	The characteristic features of fibromyalgia, namely, widespread pain with tender points, can be o...
	Myoadenylate deaminase deficiency
	Myoadenylate deaminase deficiency
	The subject of this report was a 53-year old woman with a 10-year history of fatigue and myalgias [

	Hyperkalemic periodic paralysis
	Hyperkalemic periodic paralysis
	A Swedish group has reported the case of a 38-year-old woman with a 20-year history of fatigue [
	The authors of this report note that some patients with FM might in fact have such a channelopath...
	<TABLE>
	<TABLE BODY>
	<TABLE ROW>
	<GRAPHIC>

	<TABLE ROW>
	<TABLE ROW>
	Figure 1.� Diagram of proposed interactions of peripheral and central factors leading to pain and...
	Figure 1.� Diagram of proposed interactions of peripheral and central factors leading to pain and...







	Discussion
	Discussion
	Muscle pain, tender points, and fatigue represent primary complaints for most patients. Pain is a...
	Peripheral factors
	Peripheral factors
	Major peripheral defects in FM muscles were observed in the capillary bed with abnormally thicken...
	Bennett [

	Central factors
	Central factors
	Abundant evidence exists indicating that patients with FM have a heightened general pain sensitiv...
	The stress elicited by enhanced generalized pain and other circumstances can produce significant ...


	Conclusions
	Conclusions
	The peripheral defects in FM muscles per se can be correlated with the central disease manifestat...

	Ackowledgments
	Ackowledgments
	The preceeding was supported by The Arthritis Foundation, The Research Foundation of the American...

	References and Recommended Reading
	References and Recommended Reading
	Papers of particular interest, published recently, have been highlighted as:
	Papers of particular interest, published recently, have been highlighted as:
	• Of importance
	•• Of major importance

	1. • Olsen
	1. • Olsen
	1. • Olsen
	NJ,
	Park
	JH:
	Skeletal muscle abnormalities in patients with fibromyalgia.
	Am J Med Sci
	1998,
	351:
	315-
	358.


	This article reviews the histologic, metabolic, and functional abnormalities in FM muscles.
	2. • Norregaard
	2. • Norregaard
	2. • Norregaard
	J:
	Muscle function, psychometric scoring and prognosis in patients with widespread pain and tenderne...
	Dan Med Bull
	1998,
	45:
	256-
	267.


	This article reviews the histologic, metabolic, and functional abnormalities in FM muscles.
	3. • Henriksson
	3. • Henriksson
	3. • Henriksson
	J:
	Muscle activity and chronic muscle pain.
	J Musculoskeletal Pain
	1999,
	7:
	101-
	109.


	This article reviews the histologic, metabolic, and functional abnormalities in FM muscles.
	4. Russell
	4. Russell
	4. Russell
	IJ:
	Advances in fibromyalgia: possible role for central neurochemicals.
	Am J Med Sci
	1998,
	315:
	377-
	384.


	5. •• Giovengo
	5. •• Giovengo
	5. •• Giovengo
	SL,
	Russell
	IJ,
	Larson
	AA:
	Increased concentrations of nerve growth factor in cerebrospinal fluid of patients with fibromyal...
	J Rheumatol
	1999,
	26:
	1564-
	1569.


	This paper details the most recent factor known to increase in the CSF.
	6. •• Crofford
	6. •• Crofford
	6. •• Crofford
	LJ,
	Demitrack
	MA:
	Evidence that abnormalities of central neurohormonal systems are key to understanding fibromyalgi...
	Rheum Dis Clin NA
	1996,
	22:
	267-
	284.


	This article presents an excellent summary of the endocrine factors involved in FMS.
	7. Crofford
	7. Crofford
	7. Crofford
	LJ,
	Engleberg
	NC,
	Demitrack
	MA:
	Neurohormonal perturbations in fibromyalgia.
	Bailliére's Clin Rheumatol
	1996,
	10:
	365-
	378.


	8. •• Bennett
	8. •• Bennett
	8. •• Bennett
	RM,
	Clark
	SC,
	Walczyk
	J:
	A randomized, double- blind, placebo-controlled study of growth hormone in the treatment of fibro...
	Am J Med
	1998,
	104:
	227-
	231.


	These studies detail the effects of deficiency of insulin-like growth factor-1 in some patients w...
	9. • Bennett
	9. • Bennett
	9. • Bennett
	RM,
	Cook
	DM,
	Clark
	SR,
	et al.


	These studies detail the effects of deficiency of insulin-like growth factor-1 in some patients w...
	10. Reidel
	10. Reidel
	10. Reidel
	H,
	Layka
	H,
	Neeck
	G:
	Secretory pattern of GSH, TSH, thyroid hormones, ACTH, cortisol, FSH, and LH in patients with fib...
	Z Rheumatol
	1998,
	57(suppl 2):
	81-
	87.


	11. Henriksson
	11. Henriksson
	11. Henriksson
	KG,
	Bengtsson
	A,
	Larsson
	J,
	et al.


	12. Yunus
	12. Yunus
	12. Yunus
	MB,
	Kalyan-Raman
	UP,
	Masi
	AT,
	Aldag
	JC:
	Electron microscopic studies of muscle biopsy in primary fibro�myalgia syndrome: a controlled and...
	J Rheumatol
	1989,
	16:
	97-
	101.


	13. Bartels
	13. Bartels
	13. Bartels
	EM,
	Danneskiold-Samsoe
	B:
	Histological abnor�malities in muscle from patients with certain types of fibrositis.
	Lancet
	1986,
	1:
	755-
	757.


	14. Jacobsen
	14. Jacobsen
	14. Jacobsen
	S,
	Bartels
	EM,
	Danneskiold-Samsoe
	B:
	Single cell morphology of muscle in patients with chronic muscle pain.
	Scand J Rheumatol
	1991,
	20:
	336-
	343.


	15. Drewes
	15. Drewes
	15. Drewes
	AM,
	Andreasen
	A,
	Schroder
	HD,
	et al.


	16. Lindman
	16. Lindman
	16. Lindman
	R,
	Hagberg
	M,
	Bengtsson
	A,
	et al.


	17. Lindh
	17. Lindh
	17. Lindh
	MH,
	Johansson
	LG,
	Hedberg
	M,
	et al.


	18. Bengtsson
	18. Bengtsson
	18. Bengtsson
	A,
	Henriksson
	KG:
	The muscle in fibromyalgia: a review of Swedish studies.
	J Rheumatol
	1989,
	16:
	144-
	149.


	19. Pongrantz
	19. Pongrantz
	19. Pongrantz
	DE,
	Späth
	M:
	Morphologic aspects of fibromyalgia.
	Z Rheumatol
	1998,
	57(suppl 2):
	47-
	51.


	20. Sprott
	20. Sprott
	20. Sprott
	H,
	Bradley
	LA,
	Oh
	SJ,
	Wintersberger
	W,
	et al.


	21. Mengshoel
	21. Mengshoel
	21. Mengshoel
	AM,
	Forre
	O,
	Komnaes
	HB:
	Muscle strength and aerobic capacity in primary fibromyalgia.
	Clin Exp Rheumatol
	1990,
	8:
	475-
	479.


	22. Nordenskiold
	22. Nordenskiold
	22. Nordenskiold
	UM,
	Grimby
	G:
	Grip force in patients with rheumatoid arthritis and fibromyalgia and in normal subjects. A study...
	Scand J Rheumatol
	1993,
	22:
	14-
	19.


	23. Bengtsson
	23. Bengtsson
	23. Bengtsson
	A,
	Henriksson
	KG,
	Jorfeldt
	L,
	et al.


	24. Jacobsen
	24. Jacobsen
	24. Jacobsen
	S,
	Danneskiold-Samsoe
	B:
	Isometric and isokinetic muscle strength in patients with fibrositis syndrome: new characteristic...
	Scand J Rheumatol
	1987,
	21:
	28-
	34.


	25. •• Park
	25. •• Park
	25. •• Park
	JH,
	Phothimat
	P,
	Oates
	CT,
	et al.


	A quantitative study using P-31 MRS to detect low levels of ATP and phosphocreatine, decreased ph...
	26. Jacobsen
	26. Jacobsen
	26. Jacobsen
	S,
	Wildschiodtz
	G,
	Danneskiold-Samsoe
	B:
	Isokinetic and isometric muscle strength combined with transcutaneous electrical stimulation in p...
	J Rheumatol
	1992,
	18:
	1390-
	1393.


	27. Lindh
	27. Lindh
	27. Lindh
	MH,
	Johansson
	LG,
	Hedberg
	M,
	Grimby
	GL:
	Studies on maximal voluntary contraction in patients with fibromyalgia.
	Arch Phys Med Rehabil
	1994,
	75:
	1217-
	1222.


	28. Elert
	28. Elert
	28. Elert
	J,
	Rantapaa-Dahlqvist
	SR,
	Henriksson-Larsen
	K,
	Gerdle
	BU:
	Muscle performance, electromyography, and fibre type composition in fibromyalgia and work-related...
	Scand J Rheumatol
	1991,
	21:
	28-
	34.


	29. Simms
	29. Simms
	29. Simms
	RW,
	Roy
	SH,
	Hrovat
	M,
	et al.


	30. Bennett
	30. Bennett
	30. Bennett
	RM,
	Clark
	SR,
	Goldberg
	L,
	et al.


	31. Norregaard
	31. Norregaard
	31. Norregaard
	J,
	Bulow
	PM,
	Vestergaard-Poulsen
	P,
	et al.


	32. Vestergaard-Poulsen
	32. Vestergaard-Poulsen
	32. Vestergaard-Poulsen
	P,
	Thomsen
	C,
	Norregaard
	J,
	et al.


	33. McCain
	33. McCain
	33. McCain
	GA,
	Bell
	DA,
	Mai
	FM,
	Halliday
	PD:
	A controlled study of the effects of a supervised cardiovascular fitness training program on the ...
	Arthritis Rheum
	1988,
	31:
	1135-
	1141.


	34. McCain
	34. McCain
	34. McCain
	GA:
	A clinical overview of the fibromyalgia syndrome.
	J Musculoskel Pain
	1996,
	4:
	9-
	34.


	35. Mengshoel
	35. Mengshoel
	35. Mengshoel
	AM,
	Komnaes
	HB,
	Forre
	O:
	The effects of 20 weeks of physical fitness training in female patients with fibro�myalgia.
	Clin Exp Rheumatol
	1992,
	10:
	345-
	349.


	36. Mengshoel
	36. Mengshoel
	36. Mengshoel
	AM,
	Forseth
	KO,
	Haugen
	M,
	et al.


	37. Chance
	37. Chance
	37. Chance
	B,
	Younkin
	DP,
	Kelly
	R,
	et al.


	38. Park
	38. Park
	38. Park
	JH,
	Vital
	T,
	Ryder
	N,
	et al.


	39. Park
	39. Park
	39. Park
	JH,
	Olsen
	NJ:
	Skeletal muscle imaging for evaluation of myopathy.
	Diseases of Skeletal Muscle.
	Edited by Wortmann RL.
	Philadelphia:
	Lippincott Williams and Wilkins;
	2000:
	293-
	312.


	40. Bengtsson
	40. Bengtsson
	40. Bengtsson
	A,
	Henriksson
	KG,
	Larsson
	J:
	Reduced high-energy phosphate levels in the painful muscles of patients with primary fibromyalgia.
	Arthritis Rheum
	1986,
	29:
	817-
	821.


	41. Russell
	41. Russell
	41. Russell
	IJ,
	Vipraio
	GA:
	Red cell nucleotide abnormalities in fibromyalgia syndrome (abstract).
	Arthritis Rheum
	1993,
	36:
	S223.


	42. Eisinger
	42. Eisinger
	42. Eisinger
	J,
	Plantamura
	A,
	Ayavou
	T:
	Glycolysis abnormalities in fibromyalgia.
	J Am Coll Nutr
	1994,
	13:
	144-
	148.


	43. Chance
	43. Chance
	43. Chance
	B,
	Leigh
	JS,
	Maris
	J,
	et al.


	44. Kari
	44. Kari
	44. Kari
	S,
	Park
	JH,
	Hernanz-Schulman
	M,
	Olsen
	NJ:
	Analysis of P-31 magnetic resonance spectroscopy data using artificial neural networks for evalua...
	Arthritis Rheum
	1997,
	40:
	S188.


	45. Kari
	45. Kari
	45. Kari
	S,
	Olsen
	NJ,
	Park
	JH:
	Evaluation of muscle diseases using artificial neural network analysis of 31P MR spectroscopy data.
	Magnetic Reson Med
	1995,
	34:
	664-
	672.


	46. Park
	46. Park
	46. Park
	JH,
	Kari
	S,
	King
	LE,
	Olsen
	NJ:
	Analysis of P-31 MR spectroscopy data using artificial neural networks for longitudinal evaluatio...
	NMR in Biomedicine
	1998,
	11:
	245-
	265.


	47. de Blecourt
	47. de Blecourt
	47. de Blecourt
	AC,
	Wolf
	RF,
	van Rijswijk
	MH,
	et al.


	48. Jacobsen
	48. Jacobsen
	48. Jacobsen
	S,
	Jensen
	KE,
	Thomsen
	C,
	et al.


	49. Roy
	49. Roy
	49. Roy
	SH:
	Combined use of surface electromyography and 31P-NMR spectroscopy for the study of muscle disorders.
	Phys Ther
	1993,
	73:
	892-
	901.


	50. Jubrias
	50. Jubrias
	50. Jubrias
	SA,
	Bennett
	RM,
	Klug
	GA:
	Increased incidence of a resonance in the phosphodiester region of 31P nuclear magnetic resonance...
	Arthritis Rheum
	1994,
	37:
	801-
	807.


	51. Simms
	51. Simms
	51. Simms
	RW,
	Hrovat
	M:
	Role of phosphodiesters (PDE) in muscles of patients with fibromyalgia.
	Arthritis Rheum
	1995,
	38:
	S229.


	52. Eisinger
	52. Eisinger
	52. Eisinger
	J,
	Blairet
	D,
	Brue
	F,
	Ayavou
	T:
	Brief clinical note: absence of correlation between magnesium and riboflavin status.
	Magnes Res
	1993,
	6:
	161-
	162.


	53. Abraham
	53. Abraham
	53. Abraham
	GE,
	Flechas
	JD:
	Managements of fibromyalgia: rationale for use of magnesium and malic acid.
	J Nutr Med
	1992,
	3:
	49-
	59.


	54. Niermann
	54. Niermann
	54. Niermann
	KJ,
	Park
	JH,
	Olsen
	NJ:
	Abnormalities in the levels of total and ATP-bound magnesium (Mg2+) in muscles of fibromyalgia pa...
	Arthritis Rheum
	1998,
	41:
	S1336.


	55. Park
	55. Park
	55. Park
	JH,
	Niermann
	KJ,
	Carr
	BN,
	Olsen
	NJ:
	Abnormalities in magnesium (Mg2+) and ATP levels in muscle disorders: dermatomyositis and fibromy...
	Int Soc Magnetic Resonance Med
	1999,
	7:
	1537.


	56. Clauw
	56. Clauw
	56. Clauw
	D,
	Ward
	K,
	Katz
	P,
	Sunder
	R:
	Muscle intracellular magnesium levels correlate with pain tolerance in fibro�myalgia (FM).
	Arthritis Rheum
	1994,
	37:
	S213.


	57. • Russell
	57. • Russell
	57. • Russell
	IJ,
	Michalek
	JE,
	Flechas
	JD,
	Abraham
	GE:
	Treatment of fibromyalgia syndrome with Super Malic(r): a randomized, double blind, placebo contr...
	J Rheum
	1995,
	22:
	953-
	958.


	This study represents a promising therapy using magnesium (Super Malic
	58. Lund
	58. Lund
	58. Lund
	N,
	Bengtsson
	A,
	Thorborg
	P:
	Muscle tissue oxygen pressure in primary fibromyalgia.
	Scand J Rheum
	1986,
	15:
	165-
	173.


	59. Bengtsson
	59. Bengtsson
	59. Bengtsson
	A,
	Bengtsson
	M:
	Regional sympathetic blockade in primary fibromyalgia.
	Pain
	1988,
	33:
	161-
	167.


	60. Larsson
	60. Larsson
	60. Larsson
	SE,
	Ålund
	M,
	Cai
	H,
	Öberg
	PÅ:
	Chronic pain after soft-tissue injury of the cervical spine: trapezius muscle blood flow and elec...
	Pain
	1994,
	57:
	173-
	180.


	61. Lindman
	61. Lindman
	61. Lindman
	R,
	Hagberg
	M,
	Bengtsson
	A,
	et al.


	62. Lindh
	62. Lindh
	62. Lindh
	M,
	Johansson
	G,
	Hedberg
	M,
	et al.


	63. Strobel
	63. Strobel
	63. Strobel
	ES,
	Krapf
	M,
	Suckfull
	M,
	et al.


	64. Bank
	64. Bank
	64. Bank
	W,
	Chance
	B:
	An oxidative defect in metabolic myo�pathies: diagnosis by noninvasive tissue oximetry.
	Annals Neurology
	1994,
	36:
	830-
	837.


	65. Park
	65. Park
	65. Park
	JH,
	Olsen
	NJ,
	Lech
	G,
	et al.


	66. Marin
	66. Marin
	66. Marin
	R,
	Connick
	E:
	Tension myalgia versus myoadenylate deaminase deficiency: a case report.
	Arch Phys Med Rehabil
	1997,
	78:
	95-
	97.


	67. Wortmann
	67. Wortmann
	67. Wortmann
	RL:
	Searching for the cause of fibromyalgia: is there a defect in energy metabolism?
	Arthritis Rheum
	1994,
	37:
	790-
	793.


	68. • Wortmann
	68. • Wortmann
	68. • Wortmann
	RL:
	Metabolic diseases of muscle.
	In Diseases of Skeletal Muscle.
	Edited by Wortmann RL.
	Philadelphia:
	Lippincott Williams and Wilkins;
	2000:
	157-
	188.


	An excellent new book on the metabolic diseases of muscle.
	69. Gotze
	69. Gotze
	69. Gotze
	FR,
	Thid
	S,
	Kyllerman
	M:
	Fibromyalgia in hyperkalemic periodic paralysis.
	Scand J Rheumatol
	1998,
	27:
	383-384.


	70. Travell
	70. Travell
	70. Travell
	JG,
	Simons
	DG:
	Myofascial pain and dysfunction: the trigger point manual.
	Baltimore:
	Williams and Wilkins;
	1983.


	71. Bengtsson
	71. Bengtsson
	71. Bengtsson
	M,
	Bengtsson
	A,
	Jorfeldt
	L:
	Diagnostic epidural opioid blockade in primary fibromyalgia at rest and during exercise.
	Pain
	1989,
	39:
	171-
	180.


	72. •• Bennett
	72. •• Bennett
	72. •• Bennett
	RM:
	The contribution of muscle to the generation of muscle symptomatology.
	J Musculoskeletal Pain
	1996,
	4:
	35-
	59.


	An excellent review of muscle abnormalities which contribute to the clinical symptomatology of FM.
	73. Arroyo
	73. Arroyo
	73. Arroyo
	JF,
	Cohen
	ML:
	Abnormal responses to electrocu�taneous stimulation in fibromyalgia.
	J Rheumatol
	1993,
	20:
	1925-
	1931.


	74. Dickenson
	74. Dickenson
	74. Dickenson
	AH,
	Sullivan
	AF:
	NMDA receptors and central hyperalgesic states.
	Pain
	1991,
	46:
	344-
	346.


	75. Dougherty
	75. Dougherty
	75. Dougherty
	PM,
	Willis
	WD:
	Enhancement of spinothalamic neuron responses to chemical and mechanical stimuli following combin...
	Pain
	1992,
	47:
	85-
	93.


	76. •• Sorenson
	76. •• Sorenson
	76. •• Sorenson
	J,
	Bengtsson
	A,
	Backman
	E,
	et al.


	Therapeutic treatments based on the knowledge of neurochemical defects in FMS.
	77. Russell
	77. Russell
	77. Russell
	IJ,
	Orr
	MD,
	Littman
	B,
	et al.


	78. Russell
	78. Russell
	78. Russell
	IJ:
	Neurochemical pathogenesis of fibromyalgia.
	Z Rheumatol
	1998,
	57(suppl 2:,
	63-
	66.


	79. Crofford
	79. Crofford
	79. Crofford
	LJ,
	Pillemer
	SR,
	Kalogeras
	KT,
	et al.


	80. • Bennett
	80. • Bennett
	80. • Bennett
	RM:
	Emerging concepts in the neurobiology of chronic pain: evidence of abnormal sensory processing in...
	Mayo Clinic Proc
	1999,
	74:
	385-
	398.


	A critical review of the neurobiology of chronic pain, with special emphasis on fibromyalgia.
	81. •• McCain
	81. •• McCain
	81. •• McCain
	GA:
	Treatment of fibromyalgia syndrome.
	J Musculo�skeletal Pain
	1999,
	7:
	193-
	208.


	A comprehensive summary of current therapies for fibromyalgia documented with data from well-cont...



