Proton MR Spectroscopy in the Evaluation of
Cerebral Metabolism in Patients with
Fibromyalgia: Comparison with Healthy Controls
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M. Petrou BACKGROUND AND PURPOSE: Widespread pain sensitivity in patients with fibromyalgia (FM) suggests
R.E. Harris a central nervous system (CNS)-processing problem. Therefore, it is conceivable that metabolic
B.R. Foerster alterations exist in pain-processing brain regions of people with FM compared with healthy controls
o (HC) and that such metabolic data could correlate with clinical symptoms. The purpose of this study
S.A. Mclean was to test these hypotheses using proton MR spectroscopy ("H-MR spectroscopy).
A. Sen
D.J. Cl MATERIALS AND METHODS: There were 21 patients with FM and 27 HC who underwent conventional
J. Clauw

structural MR imaging and additional 2D-chemical shift imaging (CSI) MR-spectroscopy sequences. For
the 2D-CSI spectroscopy, larger volumes of interest (VOIs) were centered at the level of the basal
ganglia and the supraventricular white matter. Within these larger areas, 16 smaller voxels were placed
in a number of regions previously implicated in pain processing. N-acetylaspartate (NAA)/creatine(Cr),
choline (Cho)/Cr and NAA/Cho ratios were calculated for each voxel. Subjects underwent clinical and
experimental pain assessment.

P.C. Sundgren

RESULTS: Mean metabolite ratios and ratio variability for each region were analyzed by using repeated-
measures analysis of variance (ANOVA). Correlations between clinical symptoms and metabolite ratios
were assessed. Cho/Cr variability in the right dorsolateral prefrontal cortex (DLPFC) was significantly
different in the 2 groups; a significant correlation between Cho/Cr in this location and clinical pain was
present in the FM group. Evoked pain threshold correlated significantly with NAA/Cho ratios in the left
insula and left basal ganglia.

CONCLUSION: Our data suggest that there are baseline differences in the variability of brain metabolite
relative concentrations between patients with FM and HC, especially in the right DLPFC. Furthermore,
there are significant correlations between metabolite ratios and clinical and experimental pain param-

eters in patients with FM.

Fibromyalgia (FM) is a chronic pain condition that afflicts
2% to 4% of the population in industrialized countries." Tt
is the second most common rheumatologic disease behind
osteoarthritis; however, the underlying pathology is un-
known. Pain sensitivity in FM is widespread, suggesting a po-
tential dysfunction in CNS processing of painful sensations.

Patients with FM exhibit a normal “detection threshold” to
sensory stimuli; however, they also display hyperalgesia or al-
lodynia.>™* This enhanced sensitivity to painful stimuli is not
confined to pressure but includes responses to multiple stim-
uli such as heat, noise, and electricity.>® These data, in con-
junction with the finding that pain is not localized to a partic-
ular body region, suggest that this condition may be largely
because of augmented CNS processing of pain.
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The neurophysiology of pain processing has received in-
creasing interest in recent years with the use of functional neu-
roimaging, providing an invaluable tool to investigate these
mechanisms. Data from multiple functional imaging tech-
niques consistently identify the same brain structures that are
activated during painful conditions. These structures have
been termed the pain matrix. Positron-emission tomography
(PET) and functional MR imaging (fMRI) show that painful
thermal, electrical, chemical, and pressure stimulation result
in increased regional cerebral blood flow (rCBF) in structures
involved in the processing of sensation, movement, cognition,
and emotion.””

A single-photon emission CT (SPECT) study by Mountz et
al'® of patients with FM revealed diminished baseline rCBF in
bilateral thalami and caudate nuclei in these patients com-
pared with healthy controls (HC). Kwiatek et al'" also demon-
strated reduced rCBF in the inferior dorsal pons and the right
thalamus with a similar trend in the left thalamus in patients
with FM compared with HC. The same study also revealed a
restricted region in the right lentiform nucleus.

An fMRI investigation conducted by Gracely et al'* showed
a significant relative increase in fMRI signal intensity in mul-
tiple brain regions implicated in pain processing in patients
with FM when both these patients and HC were challenged
with the same painful stimulus.'”> These findings of aug-
mented central pain processing have been confirmed in other
studies.'>"

Proton MR spectroscopy ('H-MR spectroscopy) is a non-
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invasive technique that provides an insight into brain
biochemistry."

Measurement of CNS metabolites has been largely under-
studied in the field of pain research. Grachev et al'® discovered
that the level of N-acetylaspartate (NAA), a marker for neuro-
nal viability and also function, is lower within the dorsolateral
prefrontal cortex (DLPFC) of patients with chronic low back
pain as compared with HC.

The purpose of our study was twofold:

1) To test the hypothesis that there are metabolic alter-
ations detected by 'H-MR spectroscopy in several brain re-
gions implicated in pain processing between patients with FM
and healthy age-matched controls.

2) To test the hypothesis that metabolic data in these areas
correlates with levels of both clinical (ie, spontaneously re-
ported) and evoked (ie, in response to experimental pain test-
ing) pain.

Methods

Subjects

Twenty-one patients (17 women, 4 men; age range, 2057 years;
mean age, 41.0 years) who met the 1990 American College of Rheu-
matology (ACR) criteria for fibromyalgia'” as well as 27 HC (21
women, 6 men; age range, 22-59 years; mean age, 43.9 years) were
included. Our institutional review board approved this study, and we
obtained informed consent from all participants.

All subjects underwent comprehensive screening, during which
diagnosis according to the ACR criteria for FM was confirmed for the
patient population. Time from diagnosis of FM for patients included
in the study varied from 0.25 to 11.75 years, mean value of 5.15 * 2.25
years.

Pregnant and left-handed subjects were excluded from the study;
left-handed subjects were excluded from the study to reduce potential
laterality effects in the pain-processing pathway. Exclusion criteria
also included presence of comorbid conditions capable of causing
worsening of physical functional status independent of the diagnosis
and any psychiatric disorder involving a history of psychosis, current
suicide risk or attempt within the last 2 years, or substance abuse
within the last 2 years; these were chosen to limit potential confound-
ing effects on the spectroscopic data. Depression itself was not part of
the exclusion criteria for the study, given its high prevalence in this
population. However, it was assessed via the Center for Epidemiolog-
ical Studies Depression Scale (CES-D) questionnaire.

Subjects who qualified for inclusion on the study were scheduled
for a single day study protocol. This included obtaining the clinical
history and completion of self-report questionnaires, as well as exper-
imental pressure pain testing followed by a standard pre- and post-
contrast-enhanced MR imaging and additional 2D-chemical shift im-
aging (CSI) 'H-MR spectroscopy sequences.

Pain Assessment

Clinical pain. Clinical pain was assessed immediately before the
"H-MR spectroscopy scan with a 10-cm visual analog scale (VAS).
This scale was a 10-cm line anchored by the words “no pain” and
“worst possible pain” on the left and right end of the scale,
respectively.

Experimental pain. Pressure pain threshold was assessed before
the "H-MR spectroscopy scan. Discrete pressure stimuli were applied
to the subject’s left thumbnail with use of a stimulation device, which
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eliminates any direct examiner/subject interaction. The apparatus in-
duced pressure via a hydraulic system connected to a 1-cm? hard
rubber circular probe that was pressed against the thumbnail. The
thumbnail was chosen, as it has been shown to be highly representa-
tive for overall pressure sensitivity.'® The stimulator was positioned
over the thumb by a plastic housing and the hydraulic system acti-
vated by calibrated weights placed on a moveable table. Valves con-
trolled stimulus timing and the combination of valves and calibrated
weights allowed for controlled and repeatable stimulation. Pain in-
tensity ratings were recorded on the GBSint questionnaire.'® To first
determine the subject’s pain range, stimuli of 5-second duration were
applied to the right thumbnail in ascending order. Initial stimulation
pressure was 0.5 kg, and the pressure was increased in 0.5-kg incre-
ments up to either a subject’s level of pain tolerance or to a maximum
of 10 kg.

These values were then used to determine the starting pressure
levels for the random presentation paradigm (multiple random stair-
case). During the random staircase testing, the stimulus pressures
were determined interactively: a computer program continuously ad-
justed the stimulus pressures in the 3 staircases to produce the same
response distribution in each subject.”® The 3 staircases used were to
titrate stimulus pressures to pain responses of 0.5 (“faint”), 7.5
(“mild”), and 13.5 (“slightly intense”). Each of the 3 staircases deliv-
ered 12 stimuli (36 total), and the program switched between stair-
cases in a pseudorandomized order. Subjects were instructed that they
would receive a series of pressure stimuli within the range of the
previous ascending series. Pain intensity ratings were obtained with
the GBSint scale, and interstimulus interval was 30 seconds. The re-
sults of the 3 staircases were used to assess evoked pressure pain
sensitivity.

Questionnaires

The CES-D questionnaire, a 20-item self-report questionnaire assess-
ing symptoms of depression in nonpsychiatric adults, was adminis-
tered to the FM group.?' The Spielberger Trait Personality Inventory
anxiety questionnaire** and the Catastrophizing Component of the
Coping Strategies Questionnaire were also given to all patients in the
EM group.*®

MR Imaging and MR Spectroscopy
All subjects were imaged on a 1.5T MR unit (GE Healthcare, Milwau-
kee, Wis). The patients underwent a standard adult protocol brain
MR examination before and after administration of intravenous con-
trast (Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, NJ),
which included the following sequences: axial and sagittal T1 (spin-
echo [SE] TR/TE 470/min full); axial T2 (fast spin-echo TR/TE 3000—
5000/102); axial fluid-attenuated inversion recovery (T2-weighted,
TR/TE 10000/95); axial diffusion-weighted (SE-echo-planar imaging
b-value 0-1000 directions 9); and axial, coronal, and sagittal postcon-
trast T1 SE. If a tumor or an area of ischemia was present within the
brain regions analyzed by MR spectroscopy, the patients would be
excluded from the analysis. These as well as any other clinically rele-
vant findings on structural MR imaging were reported to the patient’s
primary physician.

2D CSI MR-spectroscopy was performed as the last sequence of
the study; volumes of interest (VOIs) were centered first at the level of
the basal ganglia and then the supraventricular white matter at the
centrum semiovale.

The following parameters were used: a point-resolved spectros-
copy sequence; TR, 1500; TE, 144; FOV, 16 cm; matrix, 16 X 16;



Fig 1. Images illustrating voxel placement at the level
of the basal ganglia (A) with corresponding spectra
(B) and the centrum semiovale (C), also with corre-
sponding spectra (D).

been implicated in pain processing.
These voxels were positioned within the
2 greater VOIs selected at the levels of the
basal ganglia and centrum semiovale.
Specifically, a total of 8 voxels were

placed within the VOI centered at the
basal ganglia. These were positioned in
the insula, thalamus, putamen, and cau-
date nuclei bilaterally. The exact loca-
tions of the voxels are best illustrated in
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Voxel placement areas were chosen a
priori because of known involvement in
pain transmission or because they had
shown abnormalities in previous neuro-

imaging studies of pain.

The signal intensity of various me-
tabolite peaks was evaluated in every
voxel; integrals of the area under each
peak were used as a measure of its inten-

D sity. The integration limits of the respec-

section thickness, 10 to 20 mm; acquisition, 1 average; scanning time,
5 minutes. The VOI was placed on non-angled contrast-enhanced
axial T1-weighted images. One VOI was placed at the level of the basal
ganglia, and a second VOI was placed in the periventricular white
matter just superior to the lateral ventricles.

Out-of-field-of-view saturation bands were routinely placed in all
MR spectroscopy examinations. Automatic prescanning was per-
formed twice before each spectroscopic scan to assure adequate water
suppression of 99% and acceptable full width half maximum values
(<12).

MR spectroscopy was performed after intravenous contrast ad-
ministration in all subjects. Contrast administration was part of the
anatomic imaging protocol evaluating for potential pathologic en-
hancement as well as being part of an MR perfusion sequence. MR
spectroscopy was the last sequence in the entire imaging protocol.

Imaging Postprocessing and Analysis

Conventional MR images were interpreted by a neuroradiology at-
tending physician for safety reasons. These were specifically evaluated
for brain volume loss, abnormal signal intensity, abnormal contrast
enhancement, abnormal diffusion, presence of hemorrhage or min-
eralization, and any additional abnormalities.

All spectral postprocessing was performed on an Advantage Win-
dows workstation equipped with the FuncTool 2000 software (GE
Healthcare).

Postprocessing involved systematically placing multiple 1 X 1 X
1-cm voxels in a number of gray and white matter regions that have

tive peaks were manually defined by the
same neuroradiologist before computerized calculations.** For calcu-
lations of metabolite ratios, metabolite intensities in the same voxel
were used. The spectra were analyzed for the signal intensity of NAA,
choline (Cho), and creatine (Cr) and were assessed for the presence of
lactates and lipids. NAA/Cr, Cho/Cr, and NAA/Cho ratios were cal-
culated for each voxel.

Given the long TE (144 ms) used to collect the data, the baseline of
the spectrum was fairly flat because of the lack of macromolecule
contamination. Therefore, we did not subtract the spectrum baseline
from the peak integration. The mean signal-to-noise ratio of Cr and
Cho was estimated as 15:20, and the noise was defined as root-mean-
square of the values between 0.5 ppm and 1.0 ppm in the spectrum.
No threshold was used in the calculations of the present data.

Statistical Analysis

A repeated-measures analysis of variance (ANOVA) was used to as-
sess the effect of brain location, group (FM vs HC), and group-loca-
tion interaction on mean metabolite ratios as well as metabolite ratio
variability. For each of the 3 metabolite ratios as outcome, fixed effects
of group, location, and group-location interaction were used as fac-
tors in the model. To account for the clustering effect, an unstruc-
tured variance-covariance pattern is assumed for the observations on
the same subject. Because of the heterogeneity across groups (see
below), we allowed for different variance-covariance pattern across
groups, thereby assuming a quite flexible modeling framework. We
adjusted metabolite ratio comparisons between groups for each loca-
tion for multiple comparisons using a Bonferroni correction.
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To analyze the ratio variability, for each location within each
group, we calculated the absolute deviations of the observations from
their respective means. These deviations were then analyzed under
the framework of repeated-measures ANOVA as described in the pre-
vious paragraph. Because the absolute deviations from the mean
roughly estimate a scale multiple of the SD, this approach is deemed as
areasonable one to analyze the variability, as it represents an adapta-
tion of Levene’s*® method of testing homogeneity of variance under
the usual ANOVA framework.

Results

Conventional structural MR imaging results were normal for
all subjects included in the study, except for a right cavernous
carotid aneurysm found in one of the HC, which was reported
to the patient’s primary physician and subsequently treated
without complications.

Spectra of good quality were achieved in all cases. No lac-
tate/lipid peaks were present in any of the spectral sets.

There was a significant effect of brain location for all 3
mean metabolite ratios with P values of less than .0001 for each
ratio. The effects of group and group-location interaction on
mean metabolite ratios were not found to be significant for
any of the metabolites. Mean metabolite ratios for the differ-
ent brain regions in patients with FM and HC are shown in the
on-line Tables 1 to 3.

Brain location was found to have significant main effect on
variability in NAA/Cr (P < .0001), whereas neither group nor
group-location interaction was significant (P > .05). Brain
location was also found to have a significant effect on variabil-
ity in Cho/Cr ratios with significantly more variability noted in
the right and left caudate (P < .05).

A significant group-location interaction was detected for
Cho/Cr variability (P = .0025). Greater variation in Cho/Cr
was detected the right DLPFC in the FM group compared with
that of the control group (P = .01 adjusted for multiple com-
parisons; FM estimate, 0.288; HC estimate, 0.116). The left
caudate also displayed slightly higher variability in the pa-
tients, though not statistically significant.

The distribution of Cho/Cr in the right DLPFC in patients
with FM and HC is depicted in Fig 2A. To investigate whether
there may be shared abnormalities in the 2 regions that dif-
fered between patients with FM and controls (ie, the right
DLPFC and left caudate), we examined the correlation be-
tween Cho/Cr in these 2 regions in the FM and control groups
(Fig 2B). A significant correlation between the Cho/Cr ratios
in these regions was detected within the FM group (r = 0.468;
P < .05) but not among HC (r = 0.018; P > .05).

To examine the relationship between FM specific spectros-
copy findings and pain report, we made correlations between
Cho/Cr levels in the right DLPFC and clinical pain in the pa-
tients. A positive correlation was detected with greater Cho/Cr
levels tracking with greater pain (r = 0.603; P = .02; Fig 3A).

This ratio was not associated with evoked pain threshold (r
= 0.20; P = .557). Evoked pain threshold did exhibit correla-
tions with NAA/Cho ratios in the left insula and left basal
ganglia, as shown in Fig 3B and 3C.

Given the high prevalence of depression among patients
with chronic pain,®® correlations between depression and anx-
iety scores and Cho/Cr ratios in the right DLPFC were as-
sessed. There was a nonsignificant correlation between CES-D
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Fig 2. Graphs showing the distribution of Cho/Cr ratios in the right DLPFC in patients with
FM and HC (A4) as well as the correlations between Cho/Cr ratios in the right DLPFC and
left caudate nucleus for patients and controls (B).

scores and Cho/Cr ratios in the right DLPFC (r = 0.437; P =
.14). Adding CES-score as one of the covariates in a multiple
regression model with clinical pain scores on the VAS as the
independent variable and Cho/Cr ratio as the dependent vari-
able results in attenuation of the clinical pain score coefficient.
However, the trend is maintained (b = 0.109; P = .04 without
including CES-D scores, b = 0.095; P = .11 after including
CESD-scores in the model). No such effect was noted for anx-
iety scores. Depression and anxiety scores did not affect the
relationship between NAA/Cho and evoked pressure pain in
the left insula and basal ganglia.

Discussion

Many studies have suggested that the widespread pain sensi-
tivity in FM is caused by a CNS-based problem in pain pro-
cessing. Our study results also indicate that there may be base-
line alterations in brain metabolites in this condition.
Although there were no apparent differences in the mean me-
tabolite ratios for each brain location between patients and
controls, the spread or variability in Cho/Cr ratios was mark-
edly different in several regions in the FM group, namely in the
right DLPFC and, to a lesser extent, the left caudate nucleus.
This variability in Cho/Cr levels within the patient group ap-
peared to be a “widespread” phenomenon, because those with
lowlevels in 1 brain region typically had low levels in the other,
and vice versa, whereas no such association was seen within
controls. Finally, the level of Cho/Cr in the right DLPFC cor-
related significantly with the patient’s pain level at the time of
the study, suggesting that the covariation in this biologic
marker relates to a relevant clinical parameter.
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Fig 3. Significant correlations between metabolite ratios and clinical symptoms. Correla-
tions between Cho/Cr ratios in the right DLPFC and clinical pain scores on the visual analog
scale (VAS) are shown in A. Correlations between evoked pain thresholds and NAA/Cho
ratios in the left insula and left basal ganglia are shown in B and C, respectively.

The concentration of Cho is felt to reflect cellular attenua-
tion or total membrane content, or both. The Cho molecules
that are detected in "H-MR spectra are largely from phospho-
rylcholine and glycerophosphorylcholine, which are precur-
sors to cell membrane biosynthesis and breakdown, respec-
tively.””*° An increased Cho/Cr ratio could potentially be an

indicator of several cellular processes. For example, it could
reflect active demyelination that may be too early or too subtle
to detect on anatomic imaging; elevated Cho/Cr levels have
been demonstrated in the context of active demyelination or
ongoing gliosis in patients with multiple sclerosis.>**" Ele-
vated Cho/Cr levels can also be seen in malignant neo-
plasms®*® as well as in the context of CNS infection’”~® or
inflammatory conditions such as neuropsychiatric lupus ery-
thematosus.**** Although neither demyelination nor malig-
nant neoplasms are likely to be the cause of these abnormali-
ties in FM, changes in Cho/Cr levels (though nonspecific) do
provide a sensitive indication of altered brain metabolic activ-
ity. The exact pathophysiology that could explain altered
Cho/Cr levels in FM is unclear. Given its nonspecific nature,
the finding could potentially reflect a secondary effect of other
primary metabolite or physiologic alterations that were not
assessed in our study.

That the Cho/Cr ratio in the DLPFC is associated with clin-
ical pain levels strengthens the likelihood that this finding is of
pathophysiologic significance in FM. The increased variability
in Cho/Cr ratios within patients may reflect heterogeneity in
the underlying disease process or in symptom presentation
among our cohort of patients. The strong correlation we ob-
served between Cho/Cr levels in the right DLPFC and caudate
in patients, but not in CS, also suggests a shared dysfunction
across multiple brain regions in the patient group.

We also detected strong correlations between NAA/Cho
levels in the insula and basal ganglia, and evoked pressure pain
sensitivity. Previous studies have suggested that the insula is
very important in pain processing, as well as in overall sensory
integration.*> Again, the exact pathophysiology underlying
these findings is uncertain but is consistent with the Cho levels
being, in some way, indicative of the ongoing disease process
in FM, as well as the presence of altered NAA levels in the
setting of chronic pain.'®

The main strength of our study was the novel approach to
the study of patients with FM and to noninvasively attempt to
obtain an insight into brain metabolism in this condition us-
ing '"H-MR spectroscopy. Brain "H-MR spectroscopy in the
context of FM has not been reported previously in the litera-
ture. The use of 2D-CSI 'H-MR spectroscopy as opposed to
single-voxel methods allows us to simultaneously assess a
greater number or brain regions in this pilot study.

Our study had several limitations. Although the number of
subjects included in the study is comparable or larger than
other studies investigating FM with functional neuroimaging
techniques, it may still be a small number of subjects when
looking for subtle differences between groups. This may ex-
plain the lack of significant differences between groups for
mean metabolite levels. A small sample size can be limiting
when one considers the heterogeneity in clinical presentation
of the patient group, length of disease, differential treatment
regimens as well as comorbidities that can be associated with
FM such as depression, which, as we have shown, can interfere
with spectroscopic parameters. Our study used a 1.5T MR
unit; higher field strengths such as 3T could provide greater
peak resolution and therefore can be more sensitive when
looking for subtle differences between groups.

We also acknowledge that it is impossible to distinguish
between cause and effect in the metabolic profiles observed
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here, given the cross-sectional nature of the study. We do,
however, feel that the data from this novel study suggest the
presence of altered baseline metabolic activity in a number of
brain regions in patients with FM. Additional studies could
explore metabolic and physiologic changes in the regions
showing baseline metabolic alterations in this initial pilot
study with use of more focused spectroscopic techniques, a
dynamic setting in which subjects are challenged with a pain-
ful stimulus and looking at other, perhaps more specific me-
tabolites implicated in pain processing such as glutamate.
Therefore, the results of our study do provide a good founda-
tion for further investigation of pathophysiology of FM and
potential response to treatment with use of MR spectroscopic
techniques.

Conclusion

No baseline differences in standard mean metabolite ratios
obtained in a number of predefined regions thought to be
involved in pain processing were detected between patients
with FM and HC. Significant differences were detected in the
variability of these ratios for some of these regions between
patients and controls. Furthermore, significant correlations
between metabolite ratios showing differential variability and
clinical presentation parameters were detected.
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