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Significance: This large N study linked brain metabolites and pain features in fibromyalgia 

patients, with a better spatial resolution and brain coverage, to understand a molecular 

mechanism underlying pain catastrophizing and other aspects of pain transmission. Metabolite 

levels in self-referential cognitive processing area as well as pain-processing regions were 

associated with pain outcomes. These results could help the understanding of its pathophysiology 

and treatment strategies for clinicians. 
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Abstract 

Background: Fibromyalgia is a centralized multidimensional chronic pain syndrome, but its 

pathophysiology is not fully understood. 

Methods: We applied 3D magnetic resonance spectroscopic imaging (MRSI), covering multiple 

cortical and subcortical brain regions, to investigate the association between neuro-metabolite 

(e.g., combined glutamate and glutamine, Glx; myo-inositol, mIno; and combined (total) N-

acetylaspartate and N-acetylaspartylglutamate; tNAA) levels and multidimensional 

clinical/behavioral variables (e.g., pain catastrophizing, clinical pain severity, and evoked pain 

sensitivity) in women with fibromyalgia (N=87). 

Results: Pain catastrophizing scores were positively correlated with Glx and tNAA levels in 

insular cortex, and negatively correlated with mIno levels in posterior cingulate cortex (PCC). 

Clinical pain severity was positively correlated with Glx levels in insula and PCC, and with 

tNAA levels in anterior midcingulate cortex (aMCC), but negatively correlated with mIno levels 

in aMCC and thalamus. Evoked pain sensitivity was negatively correlated with levels of tNAA 

in insular cortex, MCC, PCC, and thalamus. 

Conclusions: These findings support single voxel placement targeting nociceptive processing 

areas in prior 
1
H-MRS studies, but also highlight other areas not as commonly targeted, such as 

PCC, as important for chronic pain pathophysiology. Identifying target brain regions linked to 

multidimensional symptoms of fibromyalgia (e.g., negative cognitive/affective response to pain, 

clinical pain, evoked pain sensitivity) may aid the development of neuromodulatory and 

individualized therapies. Furthermore, efficient multi-region sampling with 3D MRSI could 

reduce the burden of lengthy scan time for clinical research applications of molecular brain-

based mechanisms supporting multidimensional aspects of fibromyalgia. 
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1. Introduction 

Fibromyalgia (FM) is a chronic pain syndrome that is thought to result mainly from central, 

rather than peripheral (Fasolino et al., 2020), nervous system dysfunction. FM is diagnosed 

based on self-reported symptoms (without physical examination) including the number of painful 

body areas and both pain and non-pain symptom severity (e.g., fatigue, sleep, muscle pain) 

(Wolfe et al., 2010); it is commonly characterized by multidimensional symptoms, including 

widespread pain (Ellingsen et al., 2020; Kim et al., 2015b; Staud et al., 2007), fatigue and mood 

disturbance along with pain catastrophizing (Loggia et al., 2014), and augmented sensitivity (e.g., 

enhanced temporal summation of pain) to experimental noxious stimuli (Kim et al., 2015b). 

Brain imaging has an important role as an objective, non-invasive tool to investigate the 

multidimensional brain mechanisms of FM. For instance, multiple proton magnetic resonance 

spectroscopy (
1
H-MRS) studies have demonstrated altered neuro-metabolite (e.g., combined 

glutamate and glutamine, Glx; myo-inositol, mIno; combined N-acetylaspartate and N-

acetylaspartylglutamate; tNAA) concentrations in discrete nociceptive processing brain regions 

in FM compared to demographically-matched non-pain control samples (Aoki et al., 2013; Fayed 

et al., 2010; Feraco et al., 2011; Harris et al., 2009; Peek et al., 2020; Valdes et al., 2010). 

However, the precise linkage between metabolite concentration levels and multidimensional 

clinical/behavioral variables for fibromyalgia remains unknown. 

 The most common 
1
H-MRS methodology is single-voxel spectroscopy (SVS), which 

estimates metabolic profiles from a preselected single brain region (Wilson et al., 2019), such as 

insular cortex (Harris et al., 2009), posterior cingulate cortex (PCC) (Fayed et al., 2012), 

thalamus (Feraco et al., 2011; Valdes et al., 2010). However, SVS is subject to potential bias in 

single region-preselection and is time-consuming if data collection is needed from multiple brain 

regions (Gussew et al., 2011; Lv et al., 2018). In contrast, 3D MR spectroscopic imaging (MRSI) 

investigates metabolic profiles from multiple brain regions simultaneously (Maudsley et al., 

2020). However, non-uniform data quality across all sampled regions and across all metabolites 

may be a weakness of MRSI, and difficulty in visual inspection of data quality highlights the 

need for an automated quality-control pipeline (Wilson et al., 2019). Thus, while MRSI has 

shown promise for many clinical applications (Al-Iedani et al., 2020; Andronesi et al., 2020), 

only a few pain studies (e.g., FM (Petrou et al., 2008) and idiopathic trigeminal neuralgia (Wang A
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et al., 2014)) have applied single-slice 2D MRSI methods. Moreover, none of previous studies 

have used 3D MRSI or implemented data quality assessment procedures in chronic pain. 

 We applied multi-slice voxel-wise 3D MRSI to link brain metabolite (e.g., Glx, mIno, 

and tNAA) concentrations across numerous brain regions to multidimensional symptoms 

reported by FM patients (e.g., pain catastrophizing, clinical pain intensity, and evoked pain 

sensitivity). We also applied an automated data-quality assessment procedure which adopted an 

inpainting technique (Torrado-Carvajal et al., 2020) to restore low-quality data voxels and 

achieve better coverage across the brain. We hypothesized that concentration levels of 

metabolites in cognitive/affective- and pain-processing brain regions would be correlated with 

multidimensional clinical/behavioral variables in FM. 
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2. Methods 

This study was approved by the Partners Human Research Committee, and the experiment was 

performed at the A. A. Martinos Center for Biomedical Imaging in Boston, Massachusetts, in 

accordance with the principles of the Declaration of Helsinki. All enrolled participants were fully 

informed of the detailed procedure of this study and provided written informed consent. 

Participants were de-identified by numeric codes. 

 

2.1. Participants 

Eighty-seven (N = 87) female FM patients (age = 40.7 ± 12.2 years, mean ± SD), who met the 

American College of Rheumatology (ACR) criteria for a diagnosis of FM (Wolfe et al., 2010), 

were enrolled in this study. All patients were screened by phone prior to a behavioral visit which 

determined study eligibility, meeting the following inclusion criteria: (1) female (due to 

predominance of female sex for diagnosed fibromyalgia (Castel et al., 2013; Lourenco et al., 

2015)), (2) age between 18 and 65 years, (3) meeting the ACR diagnostic criteria for FM for 

more than 1 year, (4) stable dose for all medications, (5) reporting moderate to severe FM pain 

intensity on average (at least 4 of 10 on a 0-10 Numeric Rating Scale), (6) pain on at least 50% 

of days, and (7) fluency in English with ability to provide written informed consent. We 

excluded patients from the study if they met the following exclusion criteria (assessed by self-

report): (1) comorbid acute/chronic pain conditions with pain severity greater than FM pain, (2) 

usage of stimulant medications for fatigue, sleep apnea, or shift work, (3) current or recent usage 

of recreational drugs, (4) suffering from any psychiatric disorders that included a history of 

psychotic symptoms (e.g., schizophrenia), (5) psychiatric hospitalization within 6 months prior 

to enrollment, (6) active suicidal ideation, (7) participation in other therapeutic trials at the same 

time (FM participants were enrolled as part of a longitudinal neuroimaging study), (8) lower 

limb vascular surgery or current lower limb vascular dysfunction, (9) pregnant or nursing, (10) 

history of significant head injury (e.g., loss of consciousness), (11) anxiety disorders interfering 

with MRI experimental procedures (e.g., panic), or (12) other contraindications for MRI. In order 

to better contextualize the findings in the FM group, sex/age-matched healthy controls (HC) 

were recruited (N = 40 women, age = 39.8 ± 13.5 years, P = 0.72, unpaired t-test contrasting FM 

and HC) and compared with FM patients in this study. A
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All participants (i.e., FM and HC) completed a separate behavioral visit prior to the 

MRI/MRSI session, during which they were given an overview of study procedures and 

completed questionnaires: the Pain Catastrophizing Scale (PCS) was administered as a measure 

of negative cognitive/affective responses to pain (Sullivan et al., 1995), and the Brief Pain 

Inventory (BPI, FM only) provided a measure of clinical pain intensity (Cleeland and Ryan 

1994). We also assessed evoked pain sensitivity via cuff pain algometry (as in prior studies 

(Hubbard et al., 2020; Kim et al., 2015b; Loggia et al., 2014)) by assessing the Cuff P40 pressure 

(mmHg at which pain intensity ~ 40/100, 0 = no pain, 100 = worst pain imaginable) with an E20 

Rapid Cuff Inflation System (D. E. Hokanson, Inc.) at the MRI session. Similar to our prior 

studies (Hubbard et al., 2020; Kim et al., 2015b; Loggia et al., 2014) which linked functional 

brain responses to evoked cuff pain, the pressure (mmHg) was individually tailored at the left 

lower leg (with the cuff centered around the point of largest calf circumference) to a target pain 

intensity rating (40 out of 100). Patients reported FM duration (years) and pain intensity at study 

visit (0 to 100), and completed the following validated questionnaires: revised Fibromyalgia 

Impact Questionnaire (FIQR) (Bennett et al., 2009), painDETECT (Freynhagen et al., 2006; 

Freynhagen et al., 2016), and the Patient-Reported Outcomes Measurement Information System 

(PROMIS-29) questionnaire (Katz et al., 2017). 

 

2.2. Magnetic resonance spectroscopic imaging (MRSI) data acquisition 

MRSI data, as well as structural brain MRI, were collected using a 3.0 Tesla MRI scanner (Skyra, 

Siemens Medical, Germany) equipped with a 32-channel head coil. MRSI was performed with a 

custom-developed (Andronesi et al., 2012; Bogner et al., 2014) pulse sequence using localized 

adiabatic spin-echo refocusing (LASER) excitation and spiral spatial-spectral (k,t) encoding 

(TR/TE = 1500/30 ms, FOV = 240 mm × 240 mm × 151 mm, acquired matrix = 19 × 19 × 12, 

acquired voxel size = 12.5 mm × 12.5 mm × 12.5 mm, zero-filled reconstructed matrix = 32 × 32 

× 16, reconstructed voxel size = 7.5 mm × 7.5 mm × 7.5 mm, spectral window = 1250 Hz, 

number of time points = 320, zero-filled to 512, number of averages = 2, acquisition time = 3 

min 42 s) to assess metabolic concentration within cortical and subcortical regions of the brain. 

The acquisition time was kept under 4 minutes due to the potential for patient discomfort, as the 

total scan session time needed to be kept to a feasible time limit (~ 1.5 hours) for FM patients. 

Longer scan times can also lead to head motion during the scan, which compromises data quality. A
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Water suppression was included in the pulse sequence as WET (water suppression enhanced 

though T1 effects). B0 shimming using a B0 field-mapping technique, as implemented by the 

vendor, was used and provided a global linewidth for the water less than 15 Hz over the entire 

VOI. The carrier of the RF pulses was set at 3 ppm, which is in the center of the chemical shift 

interval of interest (2 – 4 ppm). The MRSI volume of interest (VOI, 90 mm × 100 mm × 50 mm) 

was placed over the structural MRI image reference to cover the bilateral insular and cingulate 

cortices, thalami, and basal ganglia, while excluding subcutaneous fat to avoid lipid 

contamination of MRSI data (Wilson et al., 2019). T1-weighted structure images were also 

collected using a 3D MP-RAGE pulse sequence (TR/TE = 2530/1.64 ms, FOV = 256 mm × 256 

mm, spatial resolution = 1 mm × 1 mm × 1 mm, flip angle = 7°), which facilitated placement of 

the MRSI VOI, gray matter segmentation, and co-registration of individual MRSI data to the 

MNI common space. 

 

2.3. Data processing and analysis 

MR spectra for each voxel were model fit using LCModel (version 6.3-1L, http://s-

provencher.com) (Provencher 1993) with the default macromolecules to estimate metabolite 

concentrations for total Cr (tCr, combined creatine and phosphocreatine), Glx (combined 

glutamate and glutamine), mIno (myo-inositol), and total NAA (tNAA, combined N-

acetylaspartate and N-acetylaspartylglutamate). The simulated basis sets used to fit acquired 

spectra included ascorbic acid, aspartate, creatine, N-acetylaspartate, N-acetylaspartylglutamate, 

gamma-aminobutyric acid, glucose, glutamate, glutamine, glutathione, glycerophosphocholine, 

glycine, 2-hydroglutarate, mIno, scyllo-inositol, taurine, phosphocholine, phosphocreatine, 

phosphoethanolamine, tNAA, mIno+glycine, tCr, and Glx. Metabolic concentration and quality 

maps were created after LCModel fitting using a custom processing pipeline based on Matlab, 

MINC and FSL software as we described previously (Bogner et al., 2014). 

In order to perform group analyses, we first defined ‘adequate’- and ‘low’-quality data 

voxels for each metabolite and voxel spectrum based on the following LCModel outputs: signal-

to-noise ratio (SNR, calculated by dividing the signal intensity of NAA by that of the noise level) 

(Provencher 1993), full width at half maximum (FWHM), and Cramer-Rao lower bounds 

(CRLB). In this study these data quality thresholds for SNR, FWHM, and CRLB were 5 

(Andronesi et al., 2018; Andronesi et al., 2012), 0.1 ppm (i.e., 12.3 Hz) (Andronesi et al., 2018), A
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and 20% (Lv et al., 2018), respectively. Thus, the voxels with SNR  5, FWHM < 0.1 ppm, and 

CRLB < 20% were classified as ‘adequate’-quality data voxels, while voxels with SNR < 5, 

FWHM  0.1 ppm, or CRLB  20% were categorized as ‘low’-quality data voxels. 

As our MRSI technique produced some ‘low’-quality data voxels (for Glx, mIno, and 

tNAA maps), such voxels were restored (on the 3D metabolic maps, not the raw spectra) over the 

VOI using an inpainting algorithm (Torrado-Carvajal et al., 2020). This was completed to 

include as many voxels as possible in the analyses, allowing for a whole-VOI MRSI analysis 

instead of excluding voxels from the analysis. Briefly, as the ‘low’-quality data voxel regions in 

metabolite concentration maps usually contain structure and texture information, the inpainting 

algorithm provides a better estimation of missing/corrupted values than other traditional 

interpolation algorithms by using discrete cosine transform-based penalized least square 

regression (DCT-PLS) (Criminisi et al., 2004; Garcia 2010), which considers both global and 

local properties of an image. For example, the inpainting algorithm applied to a sample human 

MRSI (i.e., NAA) dataset showed the lowest error scores (with an average normalized root mean 

square error < 5%, even when inpainting up to 50% missing voxels) compared with more 

conventional nearest neighbor, polynomial, and cubic interpolations (Torrado-Carvajal et al., 

2020). 

For each subject, the inpainted metabolite concentration maps for Glx, mIno, and tNAA 

were then normalized by tCr (Archibald et al., 2020; Ratai et al., 2018; Wilson et al., 2019), 

which was defined as the average tCr value over all ‘adequate’ VOI gray matter voxels (using 

the Freesurfer segmentation (Fischl et al., 2002)). The normalized, inpainted maps were 

registered to the subject’s T1-weighted structural volume (FLIRT, FSL) and then co-registered to 

standard space (Montreal Neurological Institute, MNI; FNIRT, FSL) for group analysis, where 

the MNI152 template was resampled into 7.5 mm isotropic voxels to match the native MRSI 

spatial resolution. Data analysis was performed only for voxels with contribution (i.e., aligned 

MRSI VOI brain coverage) from all of participants.  

As we calculated the average tCr value over all VOI gray matter voxels with ‘adequate’ 

data quality for normalization, average metabolite values for Glx, mIno, and tNAA were 

calculated in the same way for each subject. Outlier metabolites were defined in each subject by 

an average metabolite-to-tCr value greater or less than 3 standard deviations from the group 

mean, and those outlier metabolites were excluded from group analyses. A
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Binarized ‘low’-quality voxel maps, which indicate the location of voxels to be 

interpolated (0 = ‘adequate’, 1 = ‘low’-quality voxel), were created in native (raw) data space 

based on SNR, FWHM, and CRLB thresholds for Glx, mIno, and tNAA, as noted above. These 

maps were also co-registered to standard space in order to estimate the location of interpolated 

voxels and the percentage of inpainted voxels across all subjects. 

For group analyses in FM, whole-VOI voxel-wise multiple linear regression analysis was 

performed for clinical/behavioral variables (i.e., PCS, BPI severity, and Cuff P40 pressure), 

controlling for patients’ age (known to be associated with metabolite levels) (Clauw 2014; 

Erickson et al., 2015; Fayed et al., 2014), usage of medications known to affect Glx levels (i.e., 

gabapentin and pregabalin) (Clauw 2014; De Jaeger et al., 2018; Harris et al., 2013), and average 

tCr levels (Pearson’s r with PCS = 0.26, P = 0.015; r with BPI severity = 0.33, P = 0.002; and r 

with Cuff P40 pressure = -0.01, P = 0.912). These group-level analyses used a mixed-effects 

model with Ordinary Least Squares (OLS, FEAT, FSL) and were cluster-corrected for multiple 

comparisons (Z > 2.3, P < 0.05). Additionally, due to the exploratory nature of this study, we 

also include the uncorrected results that passed our uncorrected criteria. Each voxel from this 

regression analysis was considered significant if all of the following 3 criteria were met: (1) the 

corresponding uncorrected absolute Z statistic value was equal to or greater than 2.3, (2) the 

percentage of subjects with inpainted data at that specific voxel (in MNI space) was less than 

60%, and (3) the significant correlation between metabolite and clinical/behavioral variables (i.e., 

PCS, BPI severity, or Cuff P40 pressure) was still significant (P ≤ 0.05) when outliers and 

inpainted data subjects were excluded (i.e., only using the subset of subjects with ‘adequate’-

quality data). 

Group differences between FM and HC in clinical/behavioral variables (i.e., PCS and 

Cuff P40 pressure) and metabolite levels (i.e., Glx/tCr, mIno/tCr, and tNAA/tCr) were also 

assessed. For clinical and behavioral variables, a Kolmogorov-Smirnov test was first applied to 

test the normality of the data, and a Student’s two-sample unpaired t-test was performed (P ≤ 

0.05 was considered as significant) for normally distributed variables. For MRSI data, whole-

VOI voxel-wise analysis (unpaired two-group difference) was performed using a mixed-effects 

model with OLS (FEAT, FSL) (significance determined by criteria 1 and 2, above). 
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3. Results 

All clinical and behavioral variables collected in this study were normally distributed (P’s > 

0.09). Compared with HC, FM patients reported significantly higher pain catastrophizing scores 

(PCS: FM = 24.1 ± 11.6, HC = 8.1 ± 8.0, P < 0.003) and lower cuff P40 pressure (FM = 147.0 ± 

52.8 mmHg, HC = 184.6 ± 72.1 mmHg, P < 0.003). FM patients reported moderate pain severity 

(BPI severity: FM = 5.1 ± 1.7) (Table 1). In FM, PCS was positively correlated with BPI 

severity (r = 0.60, P < 0.0001, N = 86). Cuff P40 pressure, however, was not correlated with PCS 

(r = -0.004, P = 0.976, N = 75) or with BPI severity (r = -0.11, P = 0.329, N = 75). There was 

also no significant correlation between PCS and Cuff P40 pressure in HC (r = 0.10, P = 0.597, N 

= 32). 

 

[ Table 1 here ] 

 

VOI placement for MRSI data collection successfully covered targeted brain regions such 

as bilateral insular and cingulate cortices, thalami, and basal ganglia (Fig. 1a) with good spectral 

fits (Fig. 1b). Of 87 FM patients, metabolite outlier rejection eliminated one patient from Glx/tCr 

analysis and two patients from mIno/tCr analysis; thus, 86 FM patients were analyzed for 

Glx/tCr, 85 FM patients for mIno/tCr, and 87 for tNAA/tCr. Nineteen (N = 19) FM patients 

reported that they had taken medications such as gabapentin or pregabalin; use of these 

medications was statistically controlled for in analyses. Six HC, of the 40, were excluded due to 

lingering pain during the MRSI data collection from pre-existing maladies (e.g., plantar fasciitis 

and shoulder injury), and one additional HC was removed from the analysis after reporting 

recent use of gabapentin. After outlier rejection for metabolite levels, two HC were excluded 

from metabolite analysis. (Fig. 2). 

 

[ Figure 1 here ] 

[ Figure 2 here ] 

 

The majority of ‘low’-quality data voxels (SNR < 5, FWHM  0.1 ppm, or CRLB  20%) 

were located in the ventromedial part of the VOI (including the subgenual anterior cingulate A
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cortex, the genu and rostrum of corpus callosum, which are affected by B0 inhomogeneity) and 

in the ventricles of the brain (Fig. 3). 

 

[ Figure 3 here ] 

 

In group comparisons between FM and HC, we found greater mIno/tCr levels in the right 

posterior supramarginal gyrus (Z score = 2.36, MNI coordinates: X = 33 mm, Y = -39.75 mm, Z 

= 37.5 mm, %inpaint = 15% in FM and 29% in HC, P(‘adequate’-quality data voxels only) = 

0.046) and smaller tNAA/tCr levels in the right posterior cingulate cortex (Z score = -2.57, MNI 

coordinates: X = 3 mm, Y = -32.25 mm, Z = 22.5 mm, %inpaint = 5% in FM and 0% in HC, 

P(‘adequate’-quality data voxels only) = 0.005), but there were no significant differences in 

Glx/tCr concentration levels in any regions (Fig. S1). 

 

In voxel-wise multiple linear regression analysis in the FM group, we found significant 

positive correlations between PCS score and Glx/tCr concentration in the anterior and middle 

insular cortices (Table 2, Fig. 4a). Glx/tCr levels in the middle/posterior insular and posterior 

cingulate cortices were positively correlated with BPI severity (Fig. 4b). The level of mIno/tCr 

in the posterior cingulate cortex was negatively correlated with PCS score (Fig. 5a), where their 

levels in the anterior cingulate cortex (ACC) and thalamus were negatively correlated with BPI 

severity scores (Fig. 5b). Interestingly, Cuff P40 pressures were not correlated with either 

Glx/tCr or mIno/tCr levels at any voxels in the VOI. PCS was positively correlated with 

tNAA/tCr levels in the anterior and middle insular cortices (Fig. 6a), while BPI severity was 

negatively correlated with tNAA/tCr levels in the ACC (Fig. 6b). Finally, Cuff P40 pressure was 

positively correlated with tNAA/tCr levels in the posterior insular cortex, middle and posterior 

cingulate cortices, and thalamus (Fig. 6c). 

 

[Table 2 here ] 

[ Figure 4 here ] 

[ Figure 5 here ] 

[ Figure 6 here ] 
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4. Discussion 

Fibromyalgia (FM) is a centralized pain condition characterized by impaired pain processing in 

the brain (e.g., pain amplification or facilitated nociception) (Clauw 2014; Peek et al., 2020; 

Petrou et al., 2008). An underlying mechanism for facilitated pain transmission in the brain may 

be altered levels of neurotransmitters and other molecular mediators of neural activity (Clauw 

2014; Wang et al., 2014). In this study, we evaluated brain metabolites in a large sample of FM 

patients using a voxel-wise 3D MRSI technique. FM patients exhibited greater mIno/tCr levels in 

the right posterior supramarginal gyrus and lower tNAA/tCr levels in the right posterior 

cingulate cortex. We then identified significant associations between clinical/behavioral 

variables and metabolite levels (i.e., Glx/tCr, mIno/tCr, and tNAA/tCr) in both 

sensory/nociception-processing (i.e., insular and anterior cingulate cortices, thalamus) (Coghill 

2020) and self-referential cognitive processing areas (e.g., PCC) (Lee et al., 2018). These results 

highlight the utility of MRSI in the assessment of molecular mechanisms underlying pain 

catastrophizing and other aspects of pain transmission in FM. Also, our findings not only support 

prior and ongoing chronic pain single-voxel 
1
H-MRS studies that assess metabolites from 

consistently-identified sensory/nociception-processing brain areas (Coghill 2020) but highlight 

other areas, such as PCC, as important for chronic pain pathophysiology. 

 Our study found positive associations between Glx levels in the anterior and middle 

insular cortices and PCS scores. Glx levels in middle/posterior insular and posterior cingulate 

cortices were positively associated with BPI severity scores. Anterior insular cortex is an 

important node for affective/salience processing of the pain experience, while posterior insular 

cortex is known to play a crucial role in nociceptive processing (Frot et al., 2014; Lee et al., 2019; 

Lu et al., 2016; Morel et al., 2013; Napadow et al., 2010). Thus, the associations between (1) 

cognitive-affective dimensions of chronic pain (i.e., PCS) and Glx levels in the anterior/middle 

insular cortex and (2) sensory/physical aspects of pain (i.e., BPI) and Glx levels in the 

middle/posterior insular cortex, are in line with the distinct role of anterior (Bednarska et al., 

2019) versus posterior (Harfeldt et al., 2018; Harris et al., 2013; Harris et al., 2009) insular 

processing for pain. Furthermore, our recent fMRI study in patients with chronic low back pain 

(cLBP) found that catastrophizing mediated the association between clinical pain and default 

mode network (DMN) connectivity to the anterior/middle insular cortex (Kim et al., 2019). A 

recent study also found that fMRI response to heat pain was positively correlated with Glx A
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concentration in anterior/middle insular cortex (Cleve et al., 2017), similarly to fMRI response to 

visual stimulation and Glx concentration in the occipital lobe (Boillat et al., 2020; Ip et al., 2017). 

These studies suggest that greater Glx levels either allow for or result from greater neuronal and 

hemodynamic response to evoked stimuli. Our previous study found that engaging in pain 

catastrophizing by FM patients activates DMN regions, specifically PCC (Lee et al., 2018). Thus, 

the association in this study between Glx levels in anterior/middle insular cortex and PCS 

suggests that our previous findings of greater functional coupling between DMN and 

anterior/middle insular cortex in chronic pain patients, particularly in high PCS chronic pain 

patients (Kim et al., 2019), and its linkage to the clinical pain state (Kim et al., 2019; Loggia et 

al., 2013; Napadow et al., 2010), may be supported by PCS-linked elevated Glx levels in regions 

such as anterior/middle insular cortex. 

 Levels of mIno in 
1
H-MRS studies have been suggested to represent markers for glial 

activity and neuroinflammation (Simis et al., 2015), though others have debated this linkage 

(Chang et al., 2013; Rae 2014) and our group did not find elevated insula mIno levels in a 

different cohort of FM patients (Jung et al., 2020). However, we found greater mIno levels for 

FM in right posterior supramarginal gyrus. Our group previously reported widespread 

neuroinflammation in FM and elevated [
11

C]PBR28 binding in this same brain region (Albrecht 

et al., 2019a), which was positively correlated with mIno levels (Ratai et al., 2018), thereby 

linking mIno and neuroinflammation in FM. We also found negative associations between mIno 

levels in PCC and PCS scores, and mIno levels in both anterior midcingulate cortex (aMCC) and 

thalamus and BPI severity. These findings are in line with a previous study in cLBP patients that 

reported a negative correlation between depression/anxiety levels and mIno levels in aMCC 

(Kameda et al., 2018), and with studies reporting decreased mIno levels in aMCC (Chiappelli et 

al., 2015) and pregenual ACC (Coupland et al., 2005) in major depression disorder (MDD) 

patients, where depression and anxiety are closely related to clinical pain (Meints et al., 2019; 

Mok and Lee 2008). There are, however, contradictory prior 
1
H-MRS studies in FM (Feraco et 

al., 2011; Valdes et al., 2010) and pelvic pain (Simis et al., 2015), which found positive 

correlations between thalamic mIno concentration and pain severity. Also, previous position 

emission tomography (PET) studies in cLBP (Albrecht et al., 2019b) and MDD (Setiawan et al., 

2015) showed positive associations between depression scores and neuroinflammation metrics in 

aMCC. Thus, more research is needed to assess the specific role of mIno in chronic pain. A
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 Total NAA is thought to be a marker for neuronal density and function (Rae 2014). We 

found that tNAA levels in anterior/posterior midcingulate cortex (a/pMCC), posterior insular 

cortex, and thalamus were negatively correlated with clinical pain intensity (i.e., BPI severity) 

and pain sensitivity (i.e., positive correlation with Cuff P40 pressure). Prior study in trigeminal 

neuralgia patients found a negative correlation between thalamus tNAA levels (also reduced 

relative to HC) and facial pain intensity (Wang et al., 2014), and another study in chronic pelvic 

pain patients reported a negative correlation between a/pMCC tNAA levels and pressure pain 

sensitivity (Simis et al., 2015). Combined, these results support the hypothesis that lower tNAA 

levels reflect neuronal loss/dysfunction in pain/nociceptive processing areas, and reduced tNAA 

levels in pain patients, compared to HC, particularly in nociceptive-processing areas (e.g., 

thalamus, aMCC), have been reported by many studies (Fayed et al., 2014; Kameda et al., 2018; 

Sorensen et al., 2008; Wang et al., 2014). 

 Conversely, we also found a positive correlation between tNAA levels in anterior/middle 

insular cortex and PCS scores. This finding suggests elevated neuronal density required for 

increased ruminative processing. Interestingly, at the same voxel location, Glx levels were also 

positively correlated with PCS scores. When directly correlating Glx and tNAA in the 

anterior/middle insular cortex, we found significant positive correlations across most voxels (R’s 

> 0.72), suggesting that in chronic pain, any excitotoxicity has not (yet) produced neuronal loss, 

perhaps due to the cyclical nature of pain catastrophizing and ruminative processing rather than a 

constant, biologically maladaptive elevation in glutamatergic activity. On the other hand, NAA 

has also been considered as a mitochondrial marker, hence a decreased NAA levels might 

indicate a mitochondrial dysfunction (Arun et al., 2006; Madhavarao et al., 2003; Nordengen et 

al., 2015). Thus, the role of tNAA in chronic pain may not only relate to neuronal density but 

also mitochondrial function. 

 Some limitations of our study should be noted. Our data were collected using a 3D MRSI 

sequence which proved challenging to guarantee good data quality across all collected voxels. 

This challenge is due to an inhomogeneity of the B0 field in a large 3D MRSI brain volume 

(Maudsley et al., 2020) which is more difficult to shim (Juchem et al., 2020) than in the case of 

single voxel 
1
H-MRS (Oz et al., 2020). In particular, voxels in the ventromedial part of the VOI, 

such as subgenual ACC, were severely affected by B0 inhomogeneity due to proximity to large 

air cavities (pharynx, frontal and sphenoid sinuses). To address low-quality data voxels, we A
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devised a post-processing method, which recovered excluded low-quality voxels by an advanced 

inpainting algorithm in order to allow multi-voxel group analyses using standardized fMRI 

analysis software. Our study adopted the concept of ‘adequate’- and ‘low’-quality data voxels for 

MRSI quality assessment. The percentage of low-quality voxels in our VOI should be compared 

with data collected in future studies to further assess the stability and generalizability of our 

approach. Due to the exploratory nature of our study, we reported results both cluster-corrected 

for multiple comparisons and uncorrected results. Multiple results did not survive cluster-

correction, potentially due to 1) more spatially constrained locus for metabolite modulation 

(compared to vascular-based BOLD fMRI, the neuroimaging field from which typical cluster 

correction methods are derived), or 2) variability between FM subtypes. Thus, additional studies 

are needed to confirm our findings. 

 In summary, our findings not only support single voxel placement targeting nociceptive 

processing areas in prior 
1
H-MRS studies, but also highlight other areas not as commonly 

targeted, such as PCC, as important for chronic pain pathophysiology. Identifying target brain 

regions linked to multidimensional symptoms of fibromyalgia (e.g., negative cognitive/affective 

response to pain, clinical pain, evoked pain sensitivity) may aid the development of 

neuromodulatory and individualized therapies. Furthermore, efficient multi-region sampling with 

3D MRSI could reduce the burden of lengthy scan time for clinical research applications of 

molecular brain-based mechanisms supporting multidimensional aspects of fibromyalgia. 
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Figure Legends 

Figure 1. Magnetic Resonance Spectral Imaging (MRSI) data collection. (A) Volume of interest 

(VOI) was placed manually to cover the bilateral insular and cingulate cortices, and thalami. The 

overlay shows spatial distribution for overlapped collected voxels across participants (FM and 

HC), and data analysis was performed only for voxels with contribution from 100% of 

participants. (B) Sample spectra (thin black line, fit in the range of 4.2 to 1.8 ppm) from a right 

mid-insular cortex voxel is presented (SNR = 15 and FWHM = 0.040 ppm for this example), 

with LCModel fit (thick red line). The average values and percentage of ‘low’- and ‘adquate’-

quality data voxels for SNR and FWHM were reported for quality measurement in the same 

region (SNR: ‘low’-quality data voxels = 4.56 ± 1.29, 29.17%, ‘adequate’-quality data voxels = 

7.28 ± 1.85, 70.83%; FWHM: ‘low’-quality data voxels = 0.11 ± 0.02 ppm, 23.33%, ‘adequate’-

quality data voxels = 0.07 ± 0.01 ppm, 76.67%). L = left hemisphere, NAA = N-acetylaspartate, 

NAAG = N-acetylaspartylglutamate, Glu = glutamate, Gln = glutamine, mIno = myo-inositol, Cr 

= creatine, PCr = phosphocreatine, GPC = glycerophosphocholine, pCho = phosphocholine). 

 

Figure 2. Study flowchart. Glx = combined glutamate and glutamine concentration, mIno = 

myo-inositol concentration, tNAA = combined N-acetylaspartate and N-acetylaspartylglutamate 

concentration, tCr = combined creatine and phosphocreatine concentration. 

 

Figure 3. Spatial distribution of ‘low’-quality data voxels (SNR < 5, FWHM  0.1 ppm, or 

CRLB  20%) for Glx/tCr with N = 86 (A), mIno/tCr with N = 85 (B), and tNAA/tCr with N = 

87 (C) in FM. The majority of ‘low’-quality data voxels were found in the ventromedial part of 

the VOI and ventricles. L = left hemisphere, Glx = combined glutamate and glutamine 

concentration, mIno = myo-inositol concentration, tNAA = combined N-acetylaspartate and N-

acetylaspartylglutamate concentration, tCr = combined creatine and phosphocreatine 

concentration. 

 

Figure 4. Brain Glx/tCr correlates of PCS scores (A) and BPI severity scores (B). Significant 

positive correlations between PCS scores and Glx/tCr levels in the anterior and middle insular 

cortices (A), and BPI severity and Glx/tCr levels in the middle/posterior insular and posterior 

cingulate cortices (B) were found. N.b. Correlation plots were shown for black border voxel. L = A
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left hemisphere, PCS = pain catastrophizing scale, BPI = Brief Pain Inventory, Glx = combined 

glutamate and glutamine concentration, tCr = combined creatine and phosphocreatine 

concentration. Age, gabapentin/pregabalin usage, and average tCr level were controlled. 

 

Figure 5. Brain mIno/tCr correlates of PCS scores (A) and BPI severity scores (B). Significant 

negative correlations between PCS scores and mIno/tCr levels in the posterior cingulate cortex 

(A), and BPI severity scores and mIno/tCr levels in the anterior midcingulate cortex and 

thalamus (B) were found. N.b. Correlation plots were shown for black border voxels. Significant 

voxels from the cluster-correction for multiple comparisons (Z > 2.3, P < 0.05) were highlighted 

with a red border. L = left hemisphere, PCS = pain catastrophizing scale, BPI = brief pain 

inventory, mIno = myo-inositol concentration, tCr = combined creatine and phosphocreatine 

concentration. Age, gabapentin/pregabalin usage, and average tCr level were controlled. 

 

Figure 6. Brain tNAA/tCr correlates of clinical pain measures. Metabolite concentrations of 

tNAA/tCr were positively correlated with (A) PCS scores in the middle and anterior insular 

cortices and negatively correlated with (B) BPI severity scores in the anterior midcingulate 

cortex. (C) Positive correlations between tNAA/tCr levels and Cuff P40 pressure were found in 

the posterior insular cortex, anterior/posterior middle and posterior cingulate cortices, and 

thalamus. N.b. Correlation plots were shown for black border voxels. Significant voxels from the 

cluster-correction for multiple comparisons (Z > 2.3, P < 0.05) were highlighted with a red 

border. L = left hemisphere, R = right hemisphere, PCS = pain catastrophizing scale, BPI = brief 

pain inventory, tNAA = combined N-acetylaspartate and N-acetylaspartylglutamate 

concentration, tCr = combined creatine and phosphocreatine concentration. Age, 

gabapentin/pregabalin usage, and average tCr level were controlled.  
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Table1. Demographics and clinical/behavioral variables 

  FM (N = 87) HC (N = 33) FM vs. HC 

  Mean ± SD (min-max) Mean ± SD (min-max) P-value
a
 

Demographics       

   Age (years) 40.7 ± 12.2 (18-65) 37.6 ± 12.7 (22-63) 0.23 

Clinical pain measures       

   Pain Catastrophizing Scale (total, from 0 to 52) 24.1 ± 11.6 (0-48) 8.1 ± 8.0 (0-29) 0.003 

   Brief Pain Inventory (Severity, from 0 to 10)
b
 5.1 ± 1.7 (1.75-10) N/A N/A 

   Cuff P40 pressure (mmHg, 40 /100)
c
 147.0 ± 52.8 (30-300) 184.6 ± 72.1 (65-400) 0.003 

FM-specific variables       

   FM duration (years)
d
 6.6 ± 6.0 (0.1-25.6) N/A N/A 

   Pain intensity at study visit (from 0 to 100) 45.2 ± 18.2 (0-80) N/A N/A 

   FIQR (total, from 0 to 100)
e
 56.9 ± 16.8 (17.6-90.3) N/A N/A 

   painDETECT (total score, from -1 to 38) 17.8 ± 7.1 (2-34) N/A N/A 

   PROMIS-29 (physical function, from 22.5 to 57, t-score)
f
 35.3 ± 4.8 (22.9-45.3) N/A N/A 

a
Significance (P < 0.05) was determined using a Student’s t-test. 

b
BPI was collected from 86 FM patients, and this measure is not 

applicable (N/A) in HC. 
c
Cuff pressure was individually tailored at left lower leg (targeted at 40/100, 0 = no pain, 100 = worst pain 

imaginable) and was collected from 75 FM patients and 33 HC. 
d
FM duration, 

e
FIQR, and 

f
PROMIS-29 were collected from 84, 86, 

and 83 FM patients, respectively. FIQR = Revised Fibromyalgia Impact Questionnaire, PROMIS-29 = Patient-Reported Outcomes 

Measurement Information System. 
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Table2. Brain metabolite correlates of clinical/behavioral variables in FM 

    MNI coordinates, mm       

  Side X Y Z 
Z 

score
a
 

%inpaint
b
 P(r)

c
 

Glx/tCr vs. PCS (N=86)               

   insula, anterior L -42 5.25 7.5 3.04 48.0 0.029 

   insula, middle R 40.5 -2.25 0 2.66 52.0 0.009 

Glx/tCr vs. BPI severity (N=85)               

   insula, middle R 40.5 -9.75 15 2.49 20.0 0.037 

   cingulate, posterior L -4.5 -47.25 30 2.42 19.0 0.007 

mIno/tCr vs. PCS (N=85)               

   cingulate, posterior R 3 -39.75 37.5 -2.58 14.0 0.035 

mIno/tCr vs. BPI severity (N=84)               

   midcingulate, anterior L -12 27.75 22.5 -3.60 54.0 0.016 

   thalamus R 10.5 -2.25 7.5 -2.54 52.0 0.015 

tNAA/tCr vs. PCS (N=87)               

   insula, anterior L -42 5.25 7.5 2.98 16.1 0.010 

   insula, middle R 40.5 -2.25 0 3.19 44.8 0.004 

   insula, middle L -42 -2.25 0 2.51 57.5 0.049 

tNAA/tCr vs. BPI severity (N=86)               

   midcingulate, anterior L -12 27.75 22.5 -3.11 20.9 0.034 

tNAA/tCr vs. Cuff P40 pressure (N=75)             A
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   insula, posterior R 33 -24.75 15 2.63 0.0 0.010 

   midcingulate L -4.5 5.25 30 2.52 10.7 0.004 

   cingulate, posterior L -4.5 -47.25 22.5 3.07 4.0 0.004 

   thalamus L -4.5 -17.25 15 2.54 25.3 0.024 

N.b. Results were controlled for age, gabapentin/pregabalin usage, and average tCr level. Significant local maxima were reported. 

Results from cluster-correction for multiple comparisons (Z > 2.3, P < 0.05) were highlighted (bold italicized). 
a
Z scores were reported 

(absolute value > 2.3). 
b
Percentage of inpainted data points (i.e., patients) in the entire dataset (< 60%). 

c
Significance of correlation 

analysis between metabolite concentration levels and clinical pain measures (using non-inpainted data points only, P ≤ 0.05). L = left 

hemisphere, R = right hemisphere, Glx = combined glutamate and glutamine concentration, mIno = myo-inositol concentration, tNAA 

= combined N-acetylaspartate and N-acetylaspartylglutamate concentration, tCr = combined creatine and phosphocreatine 

concentration, PCS = pain catastrophizing scale, BPI = Brief Pain Inventory.  
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