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Abstract

This study aimed to investigate the levels of creatine (Cr) metabolites in the anterior cingulate cortex (ACC), thalamus, and
insula of patients with fibromyalgia (FM) using proton magnetic resonance spectroscopy (MRS). The levels of Cr and
phosphocreatine (PCr) relative to total Cr (tCr), which includes Cr and PCr, in the ACC, thalamus, and insula were
determined using MRS in |2 patients with FM and in |3 healthy controls. The FM group had lower levels of PCr/tCr in
the ACC and right insula compared to healthy controls. There was a negative correlation between Cr/tCr in the ACC and
total pain levels (McGill Pain Questionnaire-Total; r = —0.579, p = 0.049) and between Cr/tCr in the left insula and affective
pain levels (McGill Pain Questionnaire-Affective; r = —0.638, p = 0.047) in patients with FM. In addition, there were negative
correlations between stress levels (Stress Response Inventory) and Cr/tCr in the right (r=—0.780, p=0.005) and left
thalamus (r=—0.740, p=0.006), as well as in the right insula (r=—0.631, p=0.028) in patients with FM. There were
negative correlations between symptom levels of post-traumatic stress disorder (PTSD; PTSD checklist) and Cr/tCr in the
right (r = —0.783, p =0.004) and left thalamus (r = —0.642, p = 0.024) of patients with FM. These findings are paramount to
understanding the decisive pathologies related to brain energy metabolism in patients with FM.
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Fibromyalgia (FM) is characterized by widespread pain
that is often accompanied by fatigue, memory problems,
and sleep disturbances.! This disease is also frequently
associated with depression, anxiety, and posttraumatic
stress disorder (PTSD).>? Alterations in both peripheral
and central pain processing contribute to central sensiti-

zation in FM.* Chronic pain is maintained, in part, by
central sensitization, which is also driven by neuroin-
flammation in the peripheral (PNS) and central nervous
systems (CNS).’

Despite representing only 2% of a person’s total body
mass, the brain consumes approximately 20% of the
produced energy and is dedicated to cerebral functions.®
Creatine (Cr) is a key regulator of brain energy homeo-
stasis, and a well-balanced Cr metabolism is central in
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proper brain functioning.” Creatine facilitates recycling
of adenosine triphosphate (ATP) and is a particularly
convenient form of energy storage primarily in muscle
and brain tissue.® Creatine also plays a crucial role in
rapid energy provision during muscle contraction and
involves the transfer of an N-phosphoryl group from
phosphorylcreatine to ADP to regenerate ATP through
a reversible reaction catalyzed by Cr kinase.” During
periods of low energy demand, ATP can be used to con-
vert Cr to phosphocreatine (PCr), which functions as
energy storage. Diet and endogenous synthesis contrib-
ute to Cr levels in the brain,” and deficiencies in Cr
metabolism are associated with psychological stress,
schizophrenia, and mood and anxiety disorders."
Creatine supplementation has shown promise as a safe,
effective, and tolerable adjunct to medications used to
treat neurologic disorders linked with dysfunctional
energy metabolism, such as Huntington’s Disease and
Parkinson’s Disease.'” Furthermore, Cr supplementa-
tion has been reported to be a useful dietary intervention
to improve muscle function in FM patients.” Alterations
in cellular energy metabolism contributes to chronic pain
and FM."' Significantly lower concentrations of PCr in
erector spinae were found in FM.'? Thus, to detect the
levels of Cr and PCr in brain may contribute to the
understanding of pathology related to energy metabo-
lism in FM.

The anterior cingulate cortex (ACC) is critically
involved in the response inhibition network in the pain
system,'? and ACC links the processes of cognitive inter-
ference and parasympathetic modulation with activation
in the ACC, a structure critical for the interface between
cognition and emotion.'* Patients suffering with chronic
pain, often experience more activation of brain regions
involved in cognitive and/or emotional pain process-
ing.'” Considering that the clinical features of FM are
associated with various psychological symptoms related
to stress and PTSD,'®!” ACC related to emotion, cog-
nition and pain is regarded as important region in FM.
The somatosensory system involving pain perception
includes the thalamus, the primary somatosensory
cortex, and the insula.'"® Therefore. we hypothesized
there would be an abnormal neurometabolites (Cr and
PCr) in the ACC, thalamus, and insula involved in the
pain processing pathway.'

The essential role of Cr as a natural regulator of
energy homeostasis is less known, and Cr metabolism
in the brain has been largely unattended in magnetic
resonance spectroscopy (MRS) research. This study
aimed to investigate the levels of Cr metabolites in the
ACC, right and left thalamus, and insula of patients with
FM and compare the results with healthy controls using
proton MRS. The levels of Cr and PCr relative to total
Cr (tCr) levels, which include both Cr and PCr, in the
ACC, right and left thalamus, and insula were

determined in 12 patients with FM and 13 healthy con-
trols using MRS. Furthermore, we investigated the rela-
tionships between the levels of Cr/tCr and PCr/tCr
metabolites and pain and psychiatric symptoms in
patients with FM.

Methods

Participants

This study recruited 12 patients from the National
University Hospital who fulfilled the criteria of the
American  College of Rheumatology for FM.?
Thirteen individuals of comparable age and gender
with the FM patients, and who exhibited no pain or
neurological symptoms, were used as healthy controls.
Subjects who exhibited leukocytosis or high levels of
high-sensitivity C-reactive protein (hs-CRP) were
excluded. The inclusion criteria for FM subjects were
as follows: diagnosed with FM; between 21 and
63 years of age; and not taking benzodiazepine or will
discontinue benzodiazepine 2weeks before the study.
Patients who 1) were diagnosed with a major neuropsy-
chiatric disorder before the diagnosis of FM, 2) have
concurrent neurological disease (cerebrovascular disease
or brain tumors), 3) have a history of brain trauma, 4)
have leukocytosis or high levels of hs-CRP, or 5) could
not undergo PET/magnetic resonance imaging (MRI)
were excluded. The sensory and affective dimensions of
each patient’s current level pain were assessed using the
Short-Form McGill pain Questionnaire (SF-MPQ),
which contains 11 McGill Pain Questionnaire-Sensory
(MPQ-S) and four McGill Pain Questionnaire-
Affective (MPQ-A) pain items.?' The visual analogue
scale (VAS) was used to measure pain intensity. Stress
levels in FM patients were assessed using the Stress
Response Inventory (SRI), which consists of 39 items
(score range, 0-156) categorized into seven factors:
fatigue, tension, frustration, anger, depression, somati-
zation, and aggression.”? The PTSD checklist was used
to assess the development of PTSD in respondents after
exposure to a traumatic event.”> This study was
approved by the Institutional Review Board of the
Seoul National University Hospital. All data were
obtained under written informed consent that was
granted by all subjects after receiving a full explanation
of the experimental methods.

'H-MRS data acquisition and processing

All magnetic resonance (MR) data were collected using a
3.0-T human MR scanner with a 16-channel head and
neck coil (Siemens Trio system; Siemens Medical
Solutions, Erlangen, Germany). For 'H-MRS volume
localization, anatomical images were collected using a
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Figure I. A representative 'H-MRS spectrum acquired from the right insula of a patient. The co-resonating Cr and PCr signals at ~3.0
and ~3.9 ppm are marked with arrows. Cr: creatine; PCr: phosphocreatine.

T2-weighted fast spin echo sequence along the axial
(axi), sagittal (sag), and coronal (cor) planes (repetition
time [TR]=6090ms [axi], 5910ms [sag and cor], echo
time [TE]=89ms, flip angle=90°/130°, field of
view =220 x 199 mm? [axi and cor], 220 x 220 mm’
[sag], matrix size=256 x 180, echo train length=2>5,
echo spacing=9.93ms, receiver bandwidth [BW]=
271 Hz/pixel, number of slices =30 [no gap], slice thick-
ness = Smm, number of signal averages [NSA]=128).

Afterwards, based on scout images, five volumes of
interest (VOIs) were selected in the ACC (2 x 2 x 2 cm?),
right and left thalamus (2 x 2 x 1.5cm?), and right and
left insula (2 x 1.5 x 2cm?®) of each subject. The VOIs in
the right and left thalamus were placed along the axis of
the thalamus to cover maximum volume. Following auto
shimming over the VOI, 'H-MRS data were acquired
using a point-resolved spectroscopy pulse sequence
(PRESS)** with TR/TE=2000/30ms, 2048 data
points, BW =2500 Hz, NSA =128, four dummy scans,
and four-step phase cycling. The main PRESS sequence
was preceded by water and outer-volume suppression
modules. The carrier frequency was adjusted to
—2.3ppm from the water resonance to minimize voxel
displacement.

The "H-MRS data were analyzed using LC Model*’
(ver. 6.3.1)) in the range of 4.2 ppm to 1.0 ppm. The final
data analysis included only those metabolites with a
Cramer—Rao lower bound (CRLB) < 30%. Because of

2

this cutoff, the number of samples used in each metab-
olite was different for each result. An example of the
MRS spectrum acquired from the right insula of a
patient is shown in Figure 1.

Statistical analysis

Statistical analyses were performed using SPSS Statistics
21.0 (SPSS, Chicago, IL). The differences in MRS
between healthy controls and patients with FM were
assessed using a two-tailed Student’s t-test. After the
data were tested for normality, the Mann-Whitney U
test was used to analyze data that were not normally
distributed. Pearson’s correlation analysis was used to
evaluate the association between psychological test
scores and the levels of neurometabolites measured
using MRS. P-values <0.05 were considered statistically
significant without correction for multiple comparisons.

Results

Study participants and basic information

A total of 12 FM patients and 13 healthy controls com-
pleted the study; their demographics and clinical charac-
teristics are presented in Table 1. Age, gender ratio, and
education level were not significantly different between
the two groups. The average duration of pain in patients
with FM was 4.4 years.
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Table I. Participant’s demographic characteristics.

Table 2. Comparison of neurometabolites between FM patients
and healthy controls.

FM Healthy
patients controls p-value Metabolites Groups N mean SD p-value
N 12 13 Anterior cingulate cortex
Age 41.7+£140 40.1+63 p=0.723 Cr/tCr CON 9 0634 0264 p=0434
Gender 5M, 7F 9M, 4F p = 0.165 FM 12 0718 0.199
Education (years) 144+26 162+2.1 p=0.068 PCr/tCr CON 7 0.728 0.164 p=0.012
Duration of illness (years) 4.4+3.1 N/A FM 5 0.477  0.103
Right thalamus
Data are mean = standard deviation. FM: Fibromyalgia, M: male, F: female. Cr/tCr CON 13 0.853 0.223 p=0616
FM I 0817 0.233
Left thalamus
(a) ACC Cr/tCr CON [0 0884 0.14] p=0.971
FM 12 0876 0.169
o 1.0 - p=0.012* Right insula
o 08 - T Cr/tCr CON 6 0580 0.55 p=0.037
< 06 - FM 12 0780 0.185
s} N PCr/tCr CON 9 0737 0234 p=0.004
a 04 - FM 4 0423 0023
0.2 - Left insula
0.0 . ) Cr/tCr CON 8  0.68l 0234  p=0.668
FM 10 0728 0225
Conrals £ PCr/tCr CON 8  0.66l 0220 p=0.364
FM 8 0553  0.240
(b) Right Insula
Bold letter: significant results. CON: healthy controls; FM: fibromyalgia.
1.0 p=0.004**
5 08 - . . .
£ 06 4 There was a negatlYe correlation betwet':n Cr/tCr in the
S 04 ACC and total pain levels (MPQ-T) in FM patients
a (n=12, r=-0.579, p=0.049; Figure 3(a)). There was
02 - also a negative correlation between Cr/tCr in the left
0.0 - . insula and affective pain levels (MPQ-A) in FM patients
Controls FM (n=10, r=-0.638, p=0.047; Figure 3(b)). A negative

Figure 2. Decreases in PCr/tCr levels in ACC and right insula in
FM compared with controls. FM: fibromyalgia; PCr: phosphocre-
atine; tCr: total creatine (creatine + PCr); ACC: anterior cingulate
cortex. *p < 0.05, *p < 0.0l. (a) controls: n=7, FM: n=5.

(b) controls: n=9, FM: n=4.

Differences in Cr/tCr and PCr/tCr levels between FM
patients and controls

Lower levels of PCr/tCr were observed in the ACC (con-
trols: n=7, FM: n=5, p=0.012; Figure 2(a)) and the
right insula (controls: n=9, FM: n=4, p=0.004;
Figure 2(b)) of FM patients compared with controls.
Higher levels of Cr/tCr were observed in the right
insula of FM patients compared with controls (controls:
n=6, FM: n=12, p=0.037; Table 2).

Correlations between Cr/tCr and PCr/tCr levels and
pain, stress, and PTSD symptoms in FM patients

First, there was a significant correlation between Cr/tCr
in the ACC and pain levels in patients with FM.

correlation was also observed between pain intensity
(VAS) and Cr/tCr in the right (n=10, r=-0.749,
p=0.005) and left insula (n=12, r=-0.713,
p=0.021) of FM patients. Additionally, a negative cor-
relation was found between PCr/tCr in the left insula
and sensory pain levels (MPQ-S) (n=8, r=—-0.764,
p=0.027).

Second, there were significant correlations between
Cr/tCr and stress and PTSD in FM patients. There
was a negative correlation between stress (SRI) and
Cr/tCr in the right (n=11, r=-0.780, p=0.005) and
left thalamus (n=12, r=-0.740, p=0.006) of FM
patients. In addition, a negative correlation was
observed between stress (SRI) and Cr/tCr in the right
insula of the FM group (n=12, r=—-0.631, p=0.028).
There was a negative correlation between PTSD and Cr/
tCr in the right (n=11, r=-0.783, p=0.004; Figure 4
(a)) and left thalamus (n=12, r=-0.642, p=0.024;
Figure 4(b)) of FM patients. Additionally, there was a
positive correlation between the duration of pain and
Cr/tCr in the ACC (n=11, r=0.694, p=0.018) and
left insula (n=9, r=0.705, p=0.034) of the FM group.
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Figure 3. Correlations between Cr/tCr in ACC and left insula
and pain levels in FM. Cr: creatine; tCr: total creatine

(Cr + phosphocreatine); ACC: anterior cingulate cortex.
*p<0.05. (a) n=12. (b) n=10.

Discussion

Lower levels of PCr/tCr were found in the ACC and
right insula of the FM group compared with healthy
controls. Low levels of Cr/tCr were associated with
high pain levels in FM patients. In addition, low levels
of Cr/tCr were correlated with high stress (SRI) and
PTSD levels in FM patients.

Lower levels of PCr/tCr were observed in the ACC
and right insula of FM patients compared with healthy
controls; this deficiency in PCr/tCr may contribute to
abnormal Cr energy metabolism and deficient energy
levels, which might be related to the brain pathology
in FM. Creatine supplementation increases intramuscu-
lar phosphorylcreatine content and improves lower- and
upper-body muscle function in patients with FM.’
Patients with FM have reduced intramuscular ATP
and PCr content compared to healthy subjects.®®2®
The platelets of FM patients had significantly lower
ATP levels, suggesting that disturbances in the homeo-
stasis of platelet ATP metabolism may play a role in the
pathogenesis of FM.?* One explanation for the lower
concentrations of ATP and PCr in FM patients is the
presence of mitochondrial alterations.”® Mitochondrial
dysfunction has been demonstrated in muscle cells of
FM patients®®; if mitochondrial dysfunction is also

Figure 4. Correlations between Cr/tCr in right and left thalamus
and PTSD symptoms in FM. Cr: creatine; tCr: total creatine
(Cr + phosphocreatine); PTSD: post-traumatic stress disorder.
*p <0.05, *p<0.0l. (@) n=1I.(b) n=12.

present in the central neurons, this could result in
lower ATP levels leading to generalized hypersensitivity
and chronic widespread pain.* Inflammation is impli-
cated in the pathophysiology of FM and may be a mito-
chondrial dysfunction-dependent event.>! Considering
that Cr modulates GABAergic and glutamatergic cere-
bral pathways,® lower PCr/tCr levels may cause dysfunc-
tional pain modulation in the cerebral pain pathway,
particularly in those two pathways. Considering that
the glutamate/Cr ratios within the bilateral ventrolateral
prefrontal cortex were significantly higher in patients
with FM compared to the controls,*® low PCr levels
may cause dysfunctions in glutamate neurotransmission
in the brains of FM patients.

In a previous report, pain was inversely correlated
with ATP and PCr levels®’; in this study, low levels of
Cr/tCr were associated with high pain levels in patients
with FM. Increased levels of inflammation are related to
pain in FM, suggesting that oxidative stress, mitochon-
drial dysfunction, and inflammation may have a role in
its pathophysiology.** Considering the analgesic poten-
tial of Cr and its effect on inflammation-based nocicep-
tion,* lower levels of Cr may contribute to
mitochondrial dysfunction, inflammation, and pain in
this disease.™
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Low levels of Cr/tCr were correlated with high stress
and PTSD levels in FM patients in this study.
Considering that a single, prolonged stress event
decreased glutamate, glutamine, and Cr concentrations
in the medial prefrontal cortex of rats,*> high stress levels
may lead to low Cr/tCr levels in FM patients. Patients
with FM reported a higher percentage of exposure to
trauma, more traumatic experiences, and more PTSD
symptoms compared to the control group.’
Furthermore, reduced Cr levels were found in the left
hippocampus and bilateral occipital white matter in the
PTSD group.®’ Thus, high stress levels and PTSD may
decrease Cr/tCr in FM patients. Creatine can act as a
“spatial energy buffer” by transferring energy from the
mitochondria to the cytosol.” Psychological stress indu-
ces metabolic and neuroendocrine changes that lead to
structural and functional recalibrations of the mitochon-
dria.*® Because mitochondrial dysfunction has also been
observed in patients with FM,*? it is possible that, in
these patients, stress and mitochondrial dysfunction
may lead to decreased energy levels secondary to
decreased Cr, ultimately contributing to the pathophys-
iology of FM. If mitochondrial dysfunction is also pre-
sent in central neural cells, this could result in lower ATP
pools in these cells and lead to generalized hypersensi-
tivity and chronic widespread pain.*® Cognitive stress
may have acute negative effects on pain modulation in
patients with FM.*® Therefore, high stress and mito-
chondrial dysfunction may lead to deficiencies in
Cr-derived energy and high pain levels. Oral Cr admin-
istration may improve short-term memory and intelli-
gence/reasoning in healthy individuals.*! Considering
that cognitive dysfunction and poorer memory functions
are found in patients with FM,*** Cr supplementation
may be a useful intervention to alleviate these effects.’
However, there was a positive correlation between pain
duration and Cr/tCr in the ACC and left insula of
patients with FM. The ACC is a critical structure for
the interface between cognition and emotion'* and is
related to the response inhibition network in the pain
system.'? An increase in Cr/tCr, which depends on the
duration of pain, may be associated with an increase in
protective mechanisms in cognition, emotion, and the
pain inhibition network of patients with FM.

This study has a few limitations. Our study examined
only a small number of patients with FM. Thus, future
studies with larger sample sizes will be required to gen-
eralize these findings for FM patients.

The FM group was demonstrated to have lower
energy levels compared to the control group due to
decreased PCr/tCr in the ACC and right insula. Low
Cr/tCr was associated with high pain, stress, and PTSD
levels in FM. That is, high stress may contribute to low
Cr/tCr, and energy deficiency from low Cr/tCr and PCr/
tCr may be associated with high pain levels in FM.

These findings represent a decisive pathology related to
energy metabolism in the brains of patients with FM.
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