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ARTICLE INFO ABSTRACT
Keywords: Background: The role of the brain in processing pain has been extensively investigated using various functional
Magnetic resonance spectroscopy imaging techniques coupled with well controlled noxious stimuli. Studies applying experimental pain have also

Experimental pain used proton magnetic resonance spectroscopy (\H-MRS). The advantage of MRS compared to other techniques is

Gt:i‘;‘z;t ric acid (GABA) the capacity to non-invasively examine metabolites involved in neurotransmission of pain, including glutamate,
Z;lx Y y-aminobutyric acid (GABA), glutamate + glutamine (Glx), and glutamine.
Glutamine Objective: To systematically review MRS studies used in the context of studying experimental pain in healthy

human participants.

Data sources: PubMed, Ovid Medline, and Embase databases were searched using pre-specified search terms.
Eligibility criteria: Studies investigating glutamate, GABA, Glx and/or glutamine in relation to experimental pain
(e.g., heat) in healthy participants via MRS.

Appraisal criteria: Each study was evaluated with a modified quality criterion (used in previous imaging systematic
reviews) as well as a risk of bias assessment.

Results: From 5275 studies, 14 met the selection criteria. Studies fell into two general categories, those examining
changes in metabolites triggered by noxious stimulation or examining the relationship between sensitivity to pain
and resting metabolite levels. In five (out of ten) studies, glutamate, Glx and/or glutamine increased significantly
in response to experimental pain (compared to baseline) in three different brain areas. To date, there is no evi-
dence to suggest Glx, glutamate or glutamine levels decrease, suggesting an overall effect in favour of increased
excitation to pain. In addition to no changes, both increases and decreases were reported for levels of GABA+
(=GABA + macromolecules). A positive correlation between pain sensitivity and resting glutamate and Glx levels
were reported across three studies (out of three). Further research is needed to examine the relationship of
GABA+ and pain sensitivity.

Limitations: A major limitation of our review was a limited number of studies that used MRS to examine exper-
imental pain. In light of this and major differences in study design, we did not attempt to aggregate results in a
meta-analysis. As for the studies we reviewed, there was a limited number of brain areas were examined by
studies included in our review. Moreover, the majority of studies included lacked an adequate control condition
(i.e., non-noxious stimulation) or blinding, which represent a major source of potential bias.

Conclusion: MRS represents a promising tool to examine the brain in pain, functionally, and at rest with support
for increased glutamate, glutamine and Glx levels in relation to pain.
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Implications: Resting and functional MRS should be viewed as complementary to existing neuroimaging tech-
niques, and serve to investigate the brain in pain.
Systematic review registration number- CRD42018112917.

1. Introduction

More than two decades of research has examined the brain’s response
to pain using task-related functional magnetic resonance imaging (fMRI)
(Aharon et al., 2006; Becerra et al., 1999, 2001; Erpelding et al., 2012;
Fulbright et al., 2001; Peyron and Fauchon, 2018; Teutsch et al., 2008;
Wager et al., 2013; Bingel et al., 2004; Borsook et al., 2018; Brascher
et al., 2016; Brooks et al., 2005; Cauda et al., 2014; DaSilva et al., 2018;
Davis et al., 2002). Unprecedented insights into cortical and subcortical
areas involved in the processing (e.g., anterior cingulate cortex and
insula) and modulation of pain (e.g., periaqueductal grey matter) have
been discovered, providing the foundation on which to explore the
biology of analgesia, as well as the pathophysiology and anatomy of
chronic pain (Borsook and Becerra, 2006). The knowledge generated in
the course of characterizing the healthy brain in pain using fMRI has been
synthesized in a number of comprehensive reviews (see (Peyron and
Fauchon, 2018; Schweinhardt and Bushnell, 2010; Schweinhardt et al.,
2006; Tracey, 2017; Zunhammer et al., 2018)).

In addition to fMRI, there are a variety of other neurophysiological
and anatomical tools that are used to study the brain’s response to pain.
Among these, in vivo proton magnetic resonance spectroscopy (*H-MRS)
offers a unique opportunity to non-invasively measure levels of gluta-
mate, y-aminobutyric acid (GABA), glutamate + glutamine (Glx), and
glutamine (i.e., the precursor of glutamate and GABA), among others
(Novotny et al., 2003). As the primary excitatory and inhibitory neuro-
transmitters in the central nervous system (CNS), glutamate and GABA,
respectively, are integrally involved in the transmission and generation
of pain. This is evidenced in animal models, with experimental pain
shifting the brain towards greater levels of excitation (Okuda et al., 2001;
Silva et al., 2000; Sluka and Willis, 1998; Vetter et al., 2001). In humans,
GABA agonists and glutamate antagonists demonstrate potent analgesic
effects in response to experimental noxious stimulation, providing indi-
rect evidence for a role in pain (Franklin et al., 2012; Kumru et al., 2013;
Niesters et al., 2012; Rogers et al., 2004).

To date, the majority of studies applying MRS to measure neuro-
transmitter levels in the brain have done so at rest (Fayed et al., 2013;
Gussew et al., 2011; Harris et al., 2009; Ito et al., 2017; Thiaucourt et al.,
2017; Zunhammer et al., 2016). Such a static approach has proven sen-
sitive to detect differences in brain function between patients with
chronic pain and healthy controls (Gussew et al., 2011; Harris et al.,
20009; Ito et al., 2017). Seminal observations also indicate MRS is useful
as a functional tool (fMRS); suitable to track task-related fluctuations in
neurotransmitter levels in response to experimental pain (Chiappelli
et al., 2017; Cleve et al., 2014, 2017; Gussew et al., 2010; Gutzeit et al.,
2011, 2013; Hansen et al., 2014; Kupers et al., 2009; Mullins et al.,
2005). Unlike fMRI (Peyron and Fauchon, 2018; Schweinhardt and
Bushnell, 2010; Schweinhardt et al., 2006; Tracey, 2017; Zunhammer
et al., 2018) these findings have not been comprehensively reviewed.

This study aimed to systematically review experimental pain studies
examining neurotransmitters using MRS. We specifically aimed to identify
(1) changes in glutamate, GABA, Glx and glutamine triggered by experi-
mental noxious stimulation, and (2) relationships between subjects’ pain
sensitivity at rest and levels of glutamate, GABA, Glx and glutamine.

2. Methods
2.1. Protocol registration

This review was conducted in adherence to the Preferred Reporting
Items for Systematic Reviews and Meta-analysis statement (PRISMA)

(Moher et al., and was

(CRD42018112917).

2009) registered on Prospero

2.2. Electronic literature search

A systematic search of the literature was performed in the PubMed,
Ovid Medline, and Embase databases. The results were formatted in
accordance with the PRISMA checklist (Appendix 1). The search included
all publications up until October 31st, 2019. Key terms included: mag-
netic resonance spectroscopy (H-MRS, functional MRS, fMRS), neuro-
transmitters (glutamate, GABA, Glx, glutamine), and experimental pain
(pain). The full search strategy and search terms are outlined in Appendix
2. Reference lists of included studies were searched to ensure key studies
had not been overlooked.

2.3. Eligibility criteria

e Population: the study included healthy human subjects (i.e., as
defined by authors; no pre-existing health condition)

e Intervention: any type of noxious stimulus applied directly to the
participant

e Comparison: non-noxious stimulation (when available)

e Outcome: glutamate, GABA, GIx, or glutamine levels in the brain,
measured by 'H-MRS at a field strength of at least 3 T (T).

Studies were screened for language (i.e., English only) and must have
been published in a peer-reviewed journal, indexed in PubMed, Ovid
Medline, or Embase. All study designs were considered, such as corre-
lational (i.e., reporting on neurotransmitters in relation to pain sensi-
tivity), cross-sectional (i.e., a type of observational study analyzing data
at one specific time point), or interventional (i.e., examining changes
before, during or after noxious stimulation). Reviews and case reports
and other forms of spectroscopy (i.e., carbon or phosphorous MRS) were
excluded. Studies using MRS at a field strength of 1.5 T were also
excluded on the grounds that metabolite levels are more reliably
measured at 3 T (or greater) due to reduced spectral overlap and
improved signal-to-noise ratio (Wilson et al., 2019). This is especially
important for neurotransmitters such as glutamate, GABA, Glx and
glutamine (Wilson et al., 2019). Further, studies investigating neuro-
transmitters in animals, specialized clinical conditions (without a healthy
control group), or in-vitro were excluded (Fig. 1).

2.4. Study selection

Abstracts identified in the initial search were imported into EPPI-
Reviewer 4 software. Duplicates were removed, and eligibility criteria
were applied based on titles and abstracts in order to determine relevant
manuscripts for full-text review. Two authors (JA and AE) independently
screened the studies. The full text of each article was then analyzed by
two authors (JA and AE) to determine suitability for final inclusion, with
discrepancies resolved by discussion with a third reviewer (JLK).

2.5. Study appraisal and risk of bias assessment

All included studies were subject to quality and risk of bias assess-
ments. Critical appraisal criteria were adapted from a previous study
(Campbell et al., 2013), which has been applied in neuroimaging sys-
tematic reviews (Jutzeler et al., 2015; Seixas et al., 2014). Two questions
relevant to MRS were added (i.e., question seven and eleven). Further,
question five (“Does the study have a proper control condition?*) refers
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to a non-noxious control condition, either of another sensory modality or
no stimulation (Table 1). The risk of bias assessment focused on reporting
and detection bias. Reporting bias refers to the selective reporting of
some outcomes but not others, depending on the nature and direction of
the results (Boutron et al., Altman). Detection bias refers to systematic
differences between conditions in how outcomes are determined.
Blinding of outcome assessors may reduce the risk of biasing the outcome
measurement (Boutron et al., Altman) (Table 2). These criteria were
assessed by two authors independently (JA and CRJ), and disagreements
were resolved at a consensus meeting with a third reviewer (JLK) (Ta-
bles 1 and 2).

3. Quality assessment criteria questions

1) Does the study have a clear defined research objective?
2) Does the study adequately describe the inclusion/exclusion

Neurolmage 215 (2020) 116794

3) Does the study report on the population parameters and
demographics?
4) Does the study report details on noxious stimulation paradigms?
5) Does the study have a proper control condition?
6) Does the study provide details of imaging protocol?
7) If quantifying GABA, was an edited sequence applied?
8) Are subjects selected to participate in the study likely to be
representative of the target population?
9) Is it unlikely that subjects received an unintended intervention
(contamination or co-intervention) that may influence the results?
10) Does the study adequately report on the strength of effect (i.e.,
ways of calculating effect size, reporting of confidence intervals)?
11) Do the authors report on quality criteria metrics for MRS results
(i.e., SNR, LW, CRLB)?
12) Do the authors report on the limitations of the study?

criteria? Signal to-noise-ratio (SNR); Line width (LW); Cramer-Rao minimum
lower bounds (CRLB). See Box 1 for definitions (Kreis, 2004).
P Records identified through
database searching(n=5,785)
s PubMed (n=4,352) Additional records
E Ovid Embase (n=1,051) identified through other sources
£ Ovid Medline (n=382) (n=0)
3
S
\ 4 \ 4
— Records after duplicates removed
n=5,275 articles
oo
t=4
=
o A\
@ Records screened FSCOrdsxedoc
(n=5,275) > (n=5,257)
) A
Full-text articles
2 assessed for eligibility > Full-text articles
;uén (n=18) excluded (n=4)
e
¥ Duplicates (n=2)
Studies included in Clinical pain (n=2)
qualitative analysis
(n=14)
E; A
2 Studies included in
£ systematic review
n=14 articles

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting /tems for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(7): €1000097. doi:10.1371/journal.pmed 1000097

Fig. 1. PRISMA flowchart illustrating study inclusion.
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Table 1
Quality assessment of studies.
1 2 3 4 5 6 7 8 9 10 11 12

Mullins et al., 2005r Y Y Y Y Y Y NA Y Y Y Y Y
Kupers et al., 2009r Y Y Y Y N Y N Y Y Y Y N
Gussew et al., 2010r Y Y Y Y Y Y NA N Y Y Y Y
Gutzeit et al., 2011r Y Y Y Y Y Y NA N Y Y N Y
Gutzeit et al., 2013r Y Y Y Y N Y NA N Y Y N Y
Cleve et al., 2014r Y Y Y Y Y Y Y N Y Y Y Y
Hansen et al., 2014r Y Y Y Y N Y NA Y Y Y Y N
Cleve et al., 2017r Y Y Y Y N Y Y N Y Y Y Y
de Matos et al., 2017 Y Y Y Y N Y Y N Y Y Y Y
Chiappelli et al., 2017r Y Y Y Y N Y NA Y Y N Y Y
Harris et al., 2009r Y Y Y Y N Y NA N N Y N Y
Zunhammer et al., 2016r Y Y Y Y N Y Y Y N Y Y Y
Thiaucourt et al., 2017r Y Y Y Y N Y Y N N Y Y Y
Gradinger et al., 2019r Y Y Y Y N Y Y N N Y N N

Y = yes, N = no, NA=Not applicable.
3.1. Data extraction process

From each study, we extracted (i) the method applied to quantify
pain sensitivity (e.g., thresholds), (ii) the direction of the relationship
between pain sensitivity and glutamate, GABA, Glx, and/or glutamine,
and (iii) an estimate of the strength of the relationship (as reported by
the authors of the original study). Functional MRS studies were further
characterized as block or event-related. Block designs comprised
studies that incorporated a single, long-duration noxious stimulus,
which was then compared to rest. Event-related designs incorporated
repeated presentation of short-duration stimuli, which was then
averaged to determine changes from rest (i.e., periods of time with no
noxious stimulation). For both functional designs, the type of noxious
stimulation, direction, and significance of change were extracted for
all neurotransmitters (glutamate, GABA, Glx, and glutamine), and then
recorded. GABA is referred to as GABA + to recognize the contami-
nation of macromolecules (Near et al., 2011). Additional study details,
including the number of subjects, and sex of subjects, were also
extracted (Table 3). The extraction of technical specifications related
to data acquisition procedures focused on MR manufacturer and field
strength, MRS acquisition parameters [repetition time (TR), echo time
(TE), number of averages, region of interest (ROI)], analysis methods
(software, units reported), and spectral quality metrics (SNR, LW,
CRLB) were also extracted (Table 4). Data extraction was performed by
two reviewers (JA and AE) to minimize bias. WebPlotDigitizer was
used to evaluate data presented in figures.

4. Results
4.1. Included/excluded studies

The literature search yielded a total of 5275 candidate publications
(Fig. 1). Following the review of titles and abstracts, eighteen studies
were retained for full-text review. The full-text review led to the
exclusion of four studies. Of the remaining fourteen studies, a total of
250 subjects (~46% male) were examined. Using the quality assess-
ment criteria listed in Table 1, the most common quality concern
among included studies was the lack of a control group (Chiappelli
et al., 2017; Cleve et al., 2017; Gutzeit et al., 2013; Hansen et al.,
2014; Kumru et al., 2013; Kupers et al., 2009; de Matos et al., 2017a;
Thiaucourt et al., 2017; Zunhammer et al., 2016). Based on commu-
nication with the authors, one study (Thiaucourt et al., 2017) was
excluded because of overlap in subjects who were included in the
target analysis in a larger, subsequent study (Gradinger et al., 2019).
Therefore we included thirteen studies in this review. When assessing
the risk of bias (Table 2), only one study was found to have neither
reporting or detection bias. Detailed information on the included
studies is provided in Tables 3-5.

4.2. MRS methods and spectral quality results

All of the reviewed studies applied single voxel MRS. Detailed in-
formation, including scanner information, localization sequences, TE,
TR, ROI, and voxel size are presented in Table 4. LCModel fitting was
most frequently utilized for analysis (Chiappelli et al., 2017; Cleve et al.,
2014; Gradinger et al., 2019; Gutzeit et al., 2011, 2013; Hansen et al.,
2014; Harris et al., 2009; Kupers et al., 2009; de Matos et al., 2017a;
Zunhammer et al., 2016), and creatine ratios were the most common
method of quantification (Cleve et al., 2014, 2017; Gutzeit et al., 2011;
Hansen et al., 2014; Zunhammer et al., 2016) (Table 4). The majority of
reviewed studies were focused on the cingulate and/or insular cortices.
Voxel size variation ranged from 2.5 to 27 mL in the brain. Only two
other brain areas were investigated - the occipital cortex, and the
brainstem nuclear complex (Cleve et al., 2014; de Matos et al., 2017a).
Five (out of thirteen) studies did not report any spectral quality metrics
(Cleve et al., 2014; Gradinger et al., 2019; Gutzeit et al., 2011, 2013;
Harris et al., 2009). However, one study set a priori spectral quality
criteria: full width at half maximum (i.e., FWHM< 0.07 ppm; SNRyaa
>20 (Cleve et al., 2014). One study reported no significant change in
FWHM and SNR during rest and stimulation but did not provide exact
values (Kupers et al., 2009).

When quantifying the neurotransmitters in the region of interest,
only five studies (out of thirteen) corrected for the individual esti-
mated brain tissue fraction (i.e. grey matter, white matter and cerebral
spinal fluid) for each subject (Chiappelli et al., 2017; Cleve et al.,
2014, 2017; Gussew et al., 2010; Harris et al., 2009). Of the five
studies reporting GABA-+, none adopted macromolecular suppression
(Cleve et al., 2014, 2017; Gradinger et al., 2019; Kupers et al., 2009;
Zunhammer et al., 2016) (see: Detection of GABA+: Spectral editing
techniques).

4.3. Neurochemical changes in response to experimental pain

Ten of thirteen studies applied noxious stimulation during the MRS
scan and assessed changes during stimulation relative to baseline/rest.
The types of painful stimuli included heat (Chiappelli et al., 2017;
Cleve et al., 2014, 2017; Gussew et al., 2010; Hansen et al., 2014;
Kupers et al., 2009; Zunhammer et al., 2016) and cold (Mullins et al.,
2005) delivered at noxious intensities for varying lengths of time
(Mullins et al., 2005; Zunhammer et al., 2016), as well as electric
(Gutzeit et al., 2011, 2013; de Matos et al., 2017a), pressure (Harris
et al.,, 2009), and mechanical stimulation (Gradinger et al., 2019;
Zunhammer et al., 2016). Additional details of the noxious in-
terventions are shown in Table 3. Changes in glutamate and Glx both
ranged from O (Chiappelli et al., 2017; Cleve et al., 2017; Hansen et al.,
2014; Kupers et al., 2009) to approximately +20% relative to baseline
(Cleve et al., 2014; Gussew et al., 2010; Gutzeit et al., 2011, 2013;



J. Archibald et al.

Table 2
Risk of bias assessment.
Reporting Detection Bias Notes
Study Bias
Results Blinding = Randomization
presented in
accordance
with pre-
specified
plan
Mullins Yes e Yes Yes -
et al., 2005
Kupers et al., Probably no e No e No Unclear pre-
2009 specified analysis
plan (e.g.,
unknown
justification for
presenting ratios
between
stimulation and
rest).
Gussew Yes e No No -
etal., 2010
Gutzeitetal.,  Yes e No No -
2011
Gutzeit et al., Yes e No e No -
2013r
Cleve et al., Probably no e No e No Missing results
2014 (i.e., pain ratings
not reported).
Hansen et al., Yes e No* e No* *No control
2014 condition for pain
(for the objective
of this
randomized,
double-blind
cross-over study
there is likely no
detection bias).
Cleve et al., Yes e No e No -
2017
de Matos Yes e No e No -
etal., 2017
Chiappelli Yes e No No *No control
etal., 2017 condition for pain
(the objective of
this study was to
assess differences
in patients and
controls).
Harris et al., Yes e No No -
2009
Zunhammer e Yes e No No -
etal., 2016
Thiaucourt Yes e No No -
et al.,
2017r
Gradinger Probably no e No No Creatine ratios are
et al.,. the most
2019 commonly

reported outcome
measure. This
study found no
significant results
using this metric,
but found
significance when
reporting
glutamate/GABA
+ ratio (not
predetermined).
Out of 5 pinprick
levels tested only
the significant
results were
reported.

GABA: Y-aminobutyric acid; BOLD: blood oxygen level dependent; 1H-MR:

proton magnetic resonance; NMR: nuclear magnetic resonance.
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Mullins et al., 2005). Significant changes are shown in Table 5. The
change in GABA + ranged from —10.88% (Cleve et al., 2014, 2017; de
Matos et al., 2017a) to +15% (Kupers et al., 2009). Where reported,
changes in glutamine ranged from 0 (Mullins et al., 2005) to +55%
(Gutzeit et al., 2011, 2013). The percent change for each study is
shown in Table 5 and directions of change are summarized in Fig. 2.

4.4. Baseline neurotransmitters and reported pain sensitivity

Three studies assessed the relationship between baseline neuro-
transmitters and pain sensitivity (Gradinger et al., 2019; Harris et al.,
2009; Zunhammer et al., 2016). Pain sensitivity was characterized based
on three different approaches. One applied pressure pain thresholds via a
computerized device — whereby higher values indicate less sensitivity to
pain (Harris et al., 2009). Zunhammer et al., 2016 adopted a conven-
tional quantitative sensory testing (QST) protocol (Rolke et al., 2006),
including hot, cold and mechanical pain thresholds. Results of QST were
z-transformed, from which an aggregate measure was calculated. Ac-
cording to this measure, higher scores reflected greater sensitivity to pain
(e.g., lower heat pain thresholds) (Zunhammer et al., 2016). The
remaining study used mechanical thresholds (pinprick stimuli), with
lower thresholds indicating greater sensitivity.

All three studies provided evidence of a positive correlation between
baseline Glx (Harris et al., 2009; Zunhammer et al., 2016) or glutamate
(Gradinger et al., 2019) and pain sensitivity, with r-values ranging from
0.26 to 0.52 (Table 6). A significant relationship was consistently re-
ported in one study across multiple brain areas (individual brain areas
shown in Table 6) with partial r-values ranging from 0.38 to 0.50
(Zunhammer et al., 2016). In the same study, positive but non-significant
correlations were also reported in the anterior cingulate cortex (ACC),
mid-cingulate cortex (MCC), and insula for pain sensitivity and GABA+
(partial r-values ranging from 0.14 to 0.27; all nonsignificant) (Zun-
hammer et al., 2016). This contrasts a negative relationship reported
elsewhere (r-values range —0.24 to —0.27; all nonsignificant) (Gradinger
et al., 2019). One study also reported a significant positive correlation
between glutamate/GABA + ratio and pain sensitivity, with r-values
ranging from 0.43 to 0.45 (512 and 256 nM, respectively) (Gradinger
et al., 2019).

5. Discussion

A systematic review was performed of studies that used MRS and
examined responses to experimental pain in healthy subjects. The first
use of fMRS in the context of experimental pain was published in 2005
(Mullins et al., 2005), with similar studies emerging over the next twelve
years (Chiappelli et al., 2017; Cleve et al., 2014, 2017; Thiaucourt et al.,
2017; Zunhammer et al., 2016; Gussew et al., 2010; Gutzeit et al., 2011,
2013; Hansen et al., 2014; Harris et al., 2009; Kupers et al., 2009; de
Matos et al., 2017a). In fMRS studies, glutamate, Glx and/or glutamine
either significantly increased (Cleve et al., 2014; Gussew et al., 2010;
Gutzeit et al., 2011, 2013; Mullins et al., 2005) or did not change in
response to experimental pain (Chiappelli et al., 2017; Cleve et al., 2017;
Hansen et al., 2014; Kupers et al., 2009; Mullins et al., 2005). To date,
there is no evidence to suggest that glutamate, Glx or glutamine levels
significantly decrease in the brain (Chiappelli et al., 2017; Cleve et al.,
2014, 2017; Gussew et al., 2010; Gutzeit et al., 2011, 2013; Hansen et al.,
2014; Kupers et al., 2009; Mullins et al., 2005) or brainstem (de Matos
etal., 2017a). Consistent with the notion of increased excitatory activity,
two of three studies (applying spectral editing to evaluate GABA+) re-
ported decreased levels of inhibitory neurotransmission (Cleve et al.,
2014; de Matos et al., 2017a). At rest, higher levels of Glx were consis-
tently associated with greater sensitivity to painful stimuli (Gradinger
et al., 2019; Zunhammer et al., 2016). Collectively, these observations
demonstrate the feasibility of resting and fMRS as experimental pain
research tools.
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Box 1|

MRS Data Quality Metrics
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SNR: is calculated by taking the height
of the largest peak and dividing it by the
the root mean squared amplitude of the
noise in a signal (and artifact) free

part of the spectrum (Kreis, 2004).

LW: is defined as the full width

at half maximum peak height (FMHM)

in the frequency domain (Kreis, 2004),
usually calculatedfor N-Acetyl aspartic
acid (NAA).

wode\ Fit

45 4 35 8 25 2 15 1 05 0

Chemical shift (ppm)

CRLB: reflects the uncertanty of fitting each metabolite
which is helpful to determine the ability to distinguish each
metabolite in the spectrum (Kreis, 2004).This metric reflects both the SNR and the LW.

5.1. Functional MRS: effect of noxious stimulation in healthy subjects

Glutamate is the primary excitatory neurotransmitter in the CNS and
areas of the brain responsive to pain express a variety of glutamate re-
ceptors, including ionotropic (e.g., AMPA, kainate, NMDA) and metab-
otropic receptors (Zhuo, 2006). While our review of generally supports
that MRS captures an increase in glutamate and Glx, there is a notable
degree of heterogeneity across studies. For example, in the ACC, there are
two studies reporting an increase (Cleve et al., 2014; Mullins et al., 2005)
and three reporting null effects (Chiappelli et al., 2017; Hansen et al.,
2014; Kupers et al., 2009). Independent of the brain region, when sig-
nificant increases were reported, the effect sizes are large, approximately
three to ten-fold greater than in other task-related MRS studies (e.g.,
applying visual stimulation) (Mullins, 2018; Stanley and Raz, 2018).
Further supporting a tendency for increased excitation in response to
pain, no study, in any brain area, reported significant reductions in
glutamate, Glx or glutamine levels.

Several methodological factors may contribute to a high degree of
heterogeneity. Based on our review, an obvious challenge was that
numerous analytical methods are applied to quantify neurotransmitters
with MRS. In studies using ratios, the assumption is that the denomina-
tor, often creatine, is stable over time (Li et al., 2003). The extent to
which this assumption is valid, particularly in the case of task-related
MRS is, at this point, unclear. Interestingly, both studies applying abso-
lute quantification (in the brain) reported an increase in glutamate and
Glx levels (Gussew et al., 2010; Gutzeit et al., 2013). In principle, this
could reflect increased sensitivity to track task-related effects of pain
compared to other methods of quantification (e.g., ratios). Differences in
stimuluation parameters is another likely source of heterogeneity. The
largest increases (measured as percent change) in glutamate were re-
ported in studies applying very brief noxious phasic stimulation (~1 s in
duration) (Cleve et al., 2014; Gussew et al., 2010). Short duration phasic
stimuli may be advantageous in terms of maintaining attention and be
accompanied by less habituation, leading to larger effects than tonic
stimuli. Beyond these potential sources, differences in the scanner
manufacturer and preprocessing analysis steps could also lead to varia-
tions in reported percent changes.

5.2. Detection of GABA+: spectral editing techniques
Only 4 studies reported GABA + levels during task-related MRS in

response to noxious stimulation (Cleve et al., 2014, 2017; Kupers et al.,
2009; de Matos et al., 2017a). This is likely attributed to difficulties in

acquiring and quantifying GABA in cortical areas, where levels are generally
low (typically 0.8-2 mM) (de Graaf, 2019). Moreover, accurate detection
and quantification of GABA by conventional MRS is difficult because of the
overlap with large peaks that originate from other metabolite resonances,
which are present in much greater concentrations (e.g. phosphocreatine,
glutamate, glutamine, and macromolecules) (de Graaf, 2019; Mullins et al.,
2014; Near et al., 2011). For optimal detection, specialized editing is
required (Harris et al., 2017). Spectral editing exploits the known scalar
coupling between protons in the GABA molecule by selectively refocusing
the signal from one proton group and then observing the effect on a coupled
proton group (de Graaf, 2019; Giilin, 2016; Mullins et al., 2014). The most
widely applied spectral editing technique available is MEGA-PRESS (for
details on technique see (Mescher et al., 1998)). A well-known drawback of
measuring GABA with spectral editing is macromolecular contamination,
which has been estimated to contribute up to 50% of the acquired signal
(Near et al., 2011). The resonance frequency and scalar coupling properties
of some macromolecules are similar to those of GABA, thus the resulting
GABA signal from a conventional spectral editing measurement is referred
to as GABA+ (=GABA + macromolecules). A limitation of the CRLB in the
case of a GABA + edited measurement is that they do not reflect any of the
macromolecular contributions which have been attributable to GABA.
Spectral editing acquisitions also suffer from subtraction errors and result in
increased scanning time. Although MEGA-PRESS is the most commonly
applied editing technique, current implementation methods are diverse
across vendors (i.e., different shape and timing of radio frequency pulses are
used for localization and editing). This too can lead to differences in the
intensity of the detected GABA + signal (Mullins et al., 2014; Saleh et al.,
2019).

Kupers et al. (2009) did not apply spectral editing or any other
approach to distinguish the signal from GABA from other molecules. This
calls into question the reported increase in GABA + levels in the anterior
cingulate cortex (Kupers et al., 2009). In studies applying spectral edit-
ing, GABA + levels were decreased (Cleve et al., 2014; de Matos et al.,
2017a) or unchanged in response to noxious stimulation (Cleve et al.,
2017). Reductions in the anterior cingulate cortex are consistent with the
notion that increased excitation can be achieved by way of decreased
GABAergic inhibition. However, the notion that decreases in GABA must
accompany increased glutamate is likely an oversimplification of a more
complex response, conceivably involving fluctuations in both excitatory
and inhibitory neurotransmitters occurring on different time-scales.
Simultaneously acquiring glutamate and GABA levels with optimized
MRS sequences is necessary to fully elucidate the relationship between
excitation and inhibition in response to pain.
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Table 3
Studies included for systematic review.
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Study Design Sample Sex  Noxious Control Condition
Size Stimulation
Mullins et al., Block 8 m/ Cold pressor pain. Sham pain.
2005 f A frozen compress (0-4 °C).MRS during four 10-min conditions: rest, Cool compress (°C not indicated). Two separate
cold pressor or sham pain and two rest periods. [Average NRS 4.1 + scanning sessions in a single-blind, randomized
1.5]. Location: plantar surface of the left foot. fashion.
Kupers et al., Block 13 m/ Tonic heat pain. no
2009 f MR during 4-min baseline (35 °C) and 4-min tonic heat stimulation
(mean 46.7 + 0.2 °C) [Average NRS 7.3 + 0.3]. Location: right upper
leg.
Gussew et al., Event 6 m Phasic heat pain. Following the pain and rest conditions, a dummy
2010 From 35 °C to individual painful stimulus, held for 1s; range = 45-49  scan was performed without stimulation (same
°C lasting 9-min. Each stimulation cycle was repeated 16 times. Ineach ~ day).
repetition 2 single spectra were acquired (one during pain and one in
rest- 2s after pain stimulation) [Average NRS at start = 6-7+NA at end
= 2-4+4NA]. Location: left forearm.
Gutzeit et al., Block 20 m Electric dental tonic pain. MRS during 3 conditions: 3-min pre-pain (1 10 subjects (age and sex-matched) exposed to
2011 spectrum acquired), 9-min pain (electrical dental pain; 3 spectra), 9- identical procedures minus painful stimulation. To
min post-pain (3 spectra) [Average NRS 6.8 + 2.4]. Location: right exclude the influences of dental splint.
maxillary canine tooth.
Gutzeit et al., Block 16 m Electric dental tonic pain. MRS during 3 conditions lasting 3.48min. no
2013 Baseline, dental pain, post-stimulation. Each condition was repeated 4
times. [Average NRS runl = 6.8 £+ 1.5 run2 = 7.1 + 1.5]. Location:
right maxillary canine tooth.
Cleve et al., Event 13 f Phasic heat pain. Following the pain and rest conditions, a dummy
2014 Stimulation (46.0 °C & 1.0 °C) held for 1s (with 5-8 s intervals). Overall scan was performed without stimulation (same
44 stimuli repeated 6 times. MRS during pain stimulation and rest (3s  day).
after pain stimuli). [Average NRS NA].Location: left forearm.
Hansen et al., Block 12 m/ Tonic heat pain. no
2014 f MRS at rest (5min) and during painful stimulation
Stimulation (44.9 + 0.7 °C) applied for 5-min. [Average NRS 6.8 +
1.0].Location: 16 cm proximal to the right knee.
Cleve et al., Event 25 m Phasic heat pain no
2017 MRS during 12-min rest, and stimulation.
16 s period of stimulation (x22) delivered at varying intensities and
duration. Mean temperature (50 & 0.9 °C) [Average NRS start = 4.6 +
0.6 end = 5.0 + 1.1].
Location: right dorsal part of the hand.
de Matos et al., Block 13 m Electrical dental pain. no
2017 MRS at baseline and during painful stimulation.128 (1 ms) electrical
pulses ISI = 10-12.5 s. Painful stimulation for 21-min. [Average NRS
4-5+NA]. Location: right upper canine.
Chiappelli etal.,  Block 21 m/ Phasic heat pain. no
2017 f MRS at rest, during, and after the application of heat.10 trials (+0.5 °C
pain thresholds), stimulation duration = 3-10s, ramp = 0.7-5.25 “C/s.
ISI = 5-24s. Total = 5-min. [Average NRS 5.45 + 1.7]. Location:
forearm.
Harris et al., Correlational 14 f Pressure pain. no
2009 MRS assessed before pain. Pressure pain was matched to subjects’
perception [Average NRS NA] Location: thumbnail.
Zunhammer Correlational 39 m/ Experimental heat, cold, mechanical pain summarized into a measure no
et al., 2016 f of pain, prior to MRS measures. [Average NRS NA].
Location: palmar left lower arm.
Gradinger Correlational 31 f Mechanical pain (pinprick). MRS was assessed prior to pain. Five no
etal.,. 2019 mechanical stimuli intensities (32, 64, 128, 256, and 512 mN) in

pseudorandomized order. [Average NRS for 256 mN = 4.1 + 4.4; 512
mN = 9.3 £ 3.0].
NRS for other intensities NA. Location: right forearm.

m: males; f: females; ISI: Inter-stimulus interval NRS: Numeric rating scale; NA: Not available.

5.3. Interpretation of neurochemical changes in the brain based on task-
related MRS

A major problem facing the widespread adoption of fMRS is a lack of
knowledge regarding the physiological interpretation of the measured
changes in neurotransmitter levels in vivo. In chronic pain patients,
changes in glutamate at rest could reflect pathology that develops over
time, potentially from long-term homeostatic dysregulation in the brain.
In a healthy CNS, transiently increased glutamate levels in response to
noxious stimulation must reflect a distinct process, bound by normal
homeostatic functions (Mangia et al., 2011). In all likelihood, fMRS
measures the net effect of multiple simultaneous processes, including a
change in visible glutamate arising from neurotransmission (e.g.,

movement of vesicles to the pre-synaptic terminal and exocytosis into the
synaptic cleft) (Mullins, 2018), the availability of glutamate as a pre-
cursor for the tricarboxylic acid cycle, as well as glutamate redistribution
occurring in glial cells (i.e., glutamate conversion into glutamine-the
primary precursor of glutamate and GABA, affecting Glx values) (Mul-
lins, 2018; O’Gorman Tuura et al., 2019; Ramadan et al., 2013;
Schousboe et al., 1997).

A strategy towards divulging more specific information on neuro-
transmission may be to consider effects of stimulation on glutamine.
Glutamate is stored as glutamine in glial cells, which have a vital role in
preserving low extracellular levels of glutamate to prevent excitotoxicity
(Ramadan et al., 2013). In theory, glutamine levels represent a reason-
able estimate for the rate of glial uptake of glutamate (Kanamori et al.,



Table 4
Summary of MRS acquisition, quantification, and spectral quality results.

Study Field Strength/ MRS TR TE Number ROI Fitting Units Mean SNR Mean LW (Hz) CRLB (%)
Manufacturer localization ms ms of software
sequence averages

+ metabolite
of interest

Mullins et al., 4T Varian STEAM 2000 20 256 Bilateral ACC 20x20x20 = 8 mL In house U - <12 -
2005 GLU & GLN software
Kupers et al., 3T Siemens STEAM 3000 20 80 Rostral ACC LCModel NA - - Rest Pain
2009 GLX & GABA 22x22x20 = 9.68 mL GABA = GABA =
224 +1.0 205 +1.1
Gussew et al., 3T Siemens PRESS 5000 30 32 Anterior left insula LCModel AbsQ SNRyaa = 12.2 £ 2.4 FWHMnaps = 4.6 £ 1.0 Glu=10.1+1.5
2010 GLU 25x10x10 = 2.5 mL
Gutzeit et al., 3T Philips PRESS 2000 30 80 Left insula LCModel /Cr - - -
2011 ALL 20x20x37.6 = 15 mL
Gutzeit et al., 3T Philips PRESS 2000 30 96 Right/left insula LCModel AbsQ - - -
2013 ALL 20x20x24 = 9.6 mL
Cleve et al., 3T Siemens MEGA PRESS 3000 68 128 ACC 36x20x12 = 8.64 mL Amares /Cr - - -
2014 GLX & GABA Occipital cortex 35x20x15 =
10.5 mL
Hansen et al., 3T GE PRESS 2000 30 128 ACC LCModel /Cr Bsl Pain 14.6 Bsl Pain Rest Pain
2014 ALL 20x20x20 = 8.0 mL 14.8 £ + 3.0 FWHM = FWHM = Glu = 9.3 Glu = 8.0
5.5 0.042 + 0.046 + 0.01 + 2.4 + 1.3
0.011
Cleve et al., 3T Siemens MEGA 1800 68 384 Left insula Amares /Cr SNRnaa = 104.1 + FWHMpyaa = 5.8 £ 0.6 -
2017 PRESS 28x40x14 = 15.8 mL 11.0
GLX & GABA
de Matos 3T Philips PRESS 2500 32 512 Brainstem nuclear complex LCModel AbsQ Bslnaa Painyaa Bsl Pain BSL Pain
etal., 2017 MC-PRESS 0.8 x 1 x 1.3 =0.001 mL 19.1 + 19.1 + FWHMnaa = FWHMnaa GABA = GABA =
ALL 2.7 2.3 6.5+ 1.6 = 23.4+6.3 26.5 + 8.4
6.3+ 1.4 tNAA = tNAA =
2.8+ 04 3.2+0.8
Chiappelli 3T Siemens PR-STEAM 2000 6.5 128 ACC 4.0x 2.0x1.5 = 7.5 mL LCModel U 30.9 + 6.5 0.033 + 0.007 GLU = 4.1 +£ 0.74
et al., 2017 GLU & GLX
Harris et al., 3T GE PRESS 3000 30 NA Right anterior/posterior insula LCModel LU - - -
2009 GLU & GLX 20x20x30 = 12 mL
Zunhammer 3T Philips PRESS 2000 30 32 ACC 5x30x20 = 21.6 mL; Insula ~ LCModel /Crin z- - - Glx=38
et al., 2016 MEGA 2000 68 25x45x20 = 22.5 mL; DLPFC GANNET scores
PRESS 30x30x30 = 27 mL; MCC
GLX & GABA 35x20x20 = 21 mL; Thalamus
30x30x25 = 22.5 mL
Gradinger 3T Siemens MEGA 3000 68 192 Right posterior insula 30x40x20  LCModel /Cr and - - -
et al.,, 2019 PRESS =24 mL GLU/
GABA & GLU GABA ratio
in z scores

Region of interest (ROI); Repetition time (TR); Echo time (TE); Signal to-noise-ratio (SNR); Line width (LW); Cramer-Rao minimum lower bounds (CRLB); FHWM: Full width at half maximum; NAA: N-Acetyl aspartic acid;
GLU: glutamate; GLX: glutamate + glutamine; GABA; y-aminobutyric acid; GLN: Glutamine; tNAA: NAA + NAAG (N-Acetyl-aspartyl-glutamate).Point-resolved spectroscopy (PRESS); Stimulated echo acquisition mode
(STEAM); MEshcher-GArwood Point RESolved Spectroscopy (MEGA PRESS); Phase Rotation stimulated echo acquisition mode (PR-STEAM); Metabolite Cycling Point-resolved spectroscopy (MC-PRESS). Creatine ratios
(/Cr); Institutional Units (IU); Absolute quantification (AbsQ); Anterior cingulate cortex (ACC); Mid-Cingulate Cortex (MCC); Dorsolateral prefrontal cortex (DLPFC).
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Table 5
Summary of reported results in relation to experimental noxious stimulation.
Study Changes due to experimental pain
glutamate GABA+ Glx glutamine

Mullins 1t =9.3% in - t=11.4% (p 1 =16.3% (p
etal., Bilateral ACC = 0.04). =0.2).
2005 (p = 0.006).

Kupers 1 =-0.2% in t =15% 1 =01%(p = -
et al., Rostral ACC (p ACC NS*).
2009 = NS*). (p<0.02).

Gussew t =18.1% in - - -
et al., anterior
2010 insular cortex

(p = 0.003).

Gutzeit 1t =3.3% in - 1t =16.4% (p 1 =55.1% (p
et al., left insula (p = = 0.03). = 0.01).
2011 0.35).

Gutzeit 1 =9.4%(p= - 1t =16.0% (p 1=27.7% (p
et al., 0.05) in left = 0.01) in left = 0.08) in left
2013 anterior insula anterior insula anterior

+=85%(p= t=15.2% (p insula
0.003) in right =0.05)inright 1 =26.9% (p
anterior insula anterior insula = 0.06) in
+=31% (= 1+ =11.1% (p right anterior
0.5) in left = 0.16) in left insula
posterior posterior insula 1t =26.0% (p
insula 1t =13.2% (p = 0.13) left
+=7.4% (= = 0.004) in posterior
0.09) in right right posterior insula
posterior insula. 1 =22.4% (p
insula. = 0.04) in
right
posterior
insula.

Cleve et al., - | =15.1% t =21.5% -

2014 (p=0.11) (p<0.001) in
in ACC. ACC.
1 =12.7% t =15.7% (p
(p=0.001) =0.001)in
in OC. OC.

Hansen =no - - -
et al., significant
2014 change (p =

0.6).

Cleve et al., - t=0.4%(p #0.1% (p = -
2017 = NS*). NS*).

de Matos - | =-10.8% 1l =-3.6% (p -
et al., (p = 0.04). =0.3).
2017

Chiappelli #-17% (p = - - -
etal., NS*).
2017

Glx: glutamate + glutamine; GABA+: y-aminobutyric acid + macromolecules; Cr:
creatine; Anterior cingulate cortex (ACC); NS*: not significant (exact value not
reported).

2002), presumably as a result of increased neurotransmission (O’Gorman
Tuura et al., 2019). Three studies have reported on the effect of noxious
stimulation on glutamine (Gutzeit et al., 2011, 2013; Mullins et al.,
2005), two of which observed a significant increase (Gutzeit et al., 2011,
2013). The challenge with detecting glutamine is that its structure
overlaps with glutamate, which makes accurate quantification difficult
(Ramadan et al., 2013).

5.4. MRS and the brain at rest: relationship with inter-individual
variability in experimental pain sensitivity

Across three studies, three different measures were used to assess pain
sensitivity and correlations with resting metabolite level. This included
pressure (Harris et al., 2009), mechanical (pinprick) (Gradinger et al.,
2019), and an aggregate outcome of heat, cold, and mechanical
(pinprick) thresholds (Zunhammer et al., 2016). All three studies of this
nature, applying different threshold measurements, support that a
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subject’s pain sensitivity increases with higher levels of Glx (Gradinger
et al., 2019; Harris et al., 2009; Zunhammer et al., 2016) and glutamate
(Gradinger et al., 2019). Importantly, no study reported an opposing
relationship (i.e., less excitation associated with high sensitivity to pain).
Speaking further to the strength of the relationship, r-values were sig-
nificant in 2 of 3 studies (Harris et al., 2009; Zunhammer et al., 2016) and
always exceeded 0.3 (Gradinger et al., 2019; Harris et al., 2009; Zun-
hammer et al., 2016). The nature of this relationship, prevailing across
modalities, argues against a specific peripheral mechanism (e.g.,
recruitment of A-delta versus c-fibers), potentially reflecting a supra-
spinal state predisposing sensitivity to afferent stimuli.

The observation that the pain sensitivity is positively correlated with
excitatory levels is further supported by observations in special pop-
ulations remarkably insensitive to pain (e.g., Zen meditators), whose
glutamate levels in the brain are lower than average (Fayed et al., 2013;
Grant et al., 2010; Grant and Rainville, 2009). On the opposing end of the
spectrum, glutamate and Glx levels are reportedly increased in in-
dividuals with fibromyalgia (Fayed et al., 2012, 2014; Feraco et al., 2011;
Harris, 2010; Harris et al., 2008, 2013) — a condition characterized by
heightened sensitivity to noxious and non-noxious stimuli (Sluka and
Clauw, 2016). Additionally, interventions known to reduce the severity
of chronic pain symptoms (e.g., pregabalin and neuromodulation) reduce
Glx levels in the brain (Foerster et al., 2015; Harris et al., 2013), indi-
cating that effective management can restore “aberrant brain chemistry”
by decreasing glutamate levels (Harris et al., 2013). Interestingly, a
previous study reported that more sensitive individuals tended to be
associated with higher concentrations of grey matter (Erpelding et al.,
2012). In principle, this fits with MRS observations, as there are higher
levels of neurotransmitter in grey matter, compared to white matter
(Novotny et al., 2003).

Compared to resting glutamate, the relationship between GABA and
pain sensitivity is much less clear. While not significant, results from one
study indicated a trend for a negative relationship between GABA+ and
sensitivity to pain (Gradinger et al., 2019). In an earlier study from the
same laboratory, this relationship was significant in a smaller sample
(excluded from our review because of overlapping study samples [per-
sonal communication]), (Thiaucourt et al., 2017). The fact that adding
subjects resulted in an nonsignificant relationship would suggest the
initial study was underpowered and fell consequence to type 1 error. A
study better powered to detect a correlation reported small and opposing
effects (i.e., a positive relationship between GABA and pain sensitivity).
Keeping in mind the limitations of quantifying GABA (see above), the
available evidence does not support a relationship between GABA and
pain sensitivity in healthy subjects at this time.

5.5. Overall quality of studies using MRS to examine experimental pain

From a design perspective, the biggest problem we encountered with
fMRS studies was the lack of a control condition. There are two obvious
conditions to consider in future studies. The first is “no stimulation”,
whereby subjects undergo the same MRS acquisition but in the absence
of noxious stimulation. This can account for a tendency of glutamate, Glx,
GABA, and glutamine to spontaneously change, unrelated to pain, over
time. The second and arguably more important control would be a non-
noxious stimulus applied in a similar context as the painful stimulus. This
approach has been adopted for other techniques (e.g., fMRI, EEG, MEG)
(Brascher et al., 2016; Fardo et al., 2017; Wager et al., 2013), to establish
the degree observable brain responses are specific to pain. The obvious
concern is that changes in neurotransmitters may reflect generalizable
response features associated with processing afferent stimuli, including a
variety of cognitive functions (Mouraux and Iannetti, 2018). From our
review, only three studies have considered a “no stimulation” condition
(Cleve et al., 2014; Gussew et al., 2010; Gutzeit et al., 2011) and just one
other has incorporated a non-noxious stimulation (Mullins et al., 2005).
Importantly, all four studies were able to demonstrate a significant
change relative to their respective control condition (Cleve et al., 2014;
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Fig. 2. Illustration of glutamate, GABA+, Glx, and glutamine alterations during experimental pain reported in the reviewed studies in different brain
areas. Changes are described relative to a baseline scan (no stimulation). The prevailing trend emphasizes an increase in glutamate as well as the combination of
glutamate and glutamine (Glx)) independent of quantification methods and noxious interventions (ACC: anterior cingulate cortex; OC: occipital cortex; BSNC:

brainstem nuclear complex).

Table 6
Summary of reported results relationship between pain sensitivity.

Study Correlation with pain sensitivity metric and resting levels

glutamate, GABA, Glx

glutamine  other

Harris et al., 2009 - -

Zunhammer et al., -
2016

Positive but no significant
correlation with GABA+/Cr levels
Insula: r = 0.14, p = 0.46.

ACC:r = 0.25,p = 0.11.

MCC: r = 0.25, p = 0.14.

Positive correlation between pressure  — -

thresholds in the posterior insula (r =
0.52, p = 0.05).

Positive correlation between -
summary of heat, cold and

mechanical thresholds

Insula: r = 0.01, p = 0.95

ACC: r = 0.38, p = 0.02.

*No GABA measurements were
obtained for other ROI due to time
constraints.

Negative but NS correlation -

Gradingeret al., Positive but NS

2019 correlation 256 mN: r = —0.27, p = NS*.
256 mN: r = 512 mN: r = —0.24, p = NS*.
0.30, p = NS*.
512mN:r =
0.26, p = NS*

MCC: r = 0.40,p = 0.01.
DLPFC: r = 0.50, p = 0.002.
Thalamus: r = 0.46, p = 0.008.

- Positive correlation between mechanical
thresholds and glutamate/GABA -+ ratio in
the right posterior insula
256 mN: r = 0.45, p = 0.01.

512 mN: r = 0.43, p = 0.01.

Glx: glutamate + glutamine; GABA+: y-aminobutyric acid + macromolecules; Cr: creatine; Anterior cingulate cortex (ACC); Mid-Cingulate Cortex (MCC); Dorsolateral

prefrontal cortex (DLPFC); NS*: non-significant (exact value not reported.

Gussew et al., 2010; Gutzeit et al., 2011; Mullins et al., 2005). While
further investigation is required, this may indicate a specific effect of
pain.

Our systematic review focused on two forms of bias: detection and
reporting. To evaluate detection bias, we evaluated if the studies incor-
porated a measure of blinding - namely if subjects and examiner were
blinded to the experimental condition. In theory, blinding is important to
account for potential confounds, including physiological responses

10

arising from increased arousal and anxiety that come with a participant
anticipating pain (Ploghaus et al., 1999, 2003). In light of the fact that the
vast majority of studies did not include any control condition, it is not
surprising that the lack of blinding represents a major potential for bias.
However, one needs to consider that MRS, particularly fMRS applica-
tions, are in their infancy in pain research, and a number of studies were
aimed at addressing feasibility (de Matos et al., 2017b). Other studies
were not explicitly designed to examine the effects of pain on
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glutamate/GABA in healthy subjects (Chiappelli et al., 2017; Gradinger
et al., 2019; Hansen et al., 2014) or were correlational in nature (Gra-
dinger et al., 2019; Harris et al., 2009; Zunhammer et al., 2016), and thus
cannot be expected to have the requisite control conditions and blinding.
Compared to detection bias, reporting bias appears to be less of a
concern, as the majority of studies reported results consistent with their
stated aims. Nevertheless, other types of reporting bias may be pervasive
such as the potential for publication bias.

5.6. Limitations and technical implications

The primary limitation of our review is the lack of studies using MRS
to examine experimental pain. This, combined with a degree of vari-
ability between studies, limits the opportunity for a meta-analysis to
meaningfully estimate effect sizes. From a practical standpoint, our re-
view highlights the need to standardize the acquisition and reporting of
MRS outcomes. Notably missing from many of the reviewed studies were
measurements of MRS quality, such as SNR, LW, and CRLB from the
neurotransmitters of interest (i.e., glutamate, Glx) (Cleve et al., 2014;
Gradinger et al., 2019; Gutzeit et al., 2011, 2013; Hansen et al., 2014;
Kupers et al., 2009). Indeed, only eight out of fourteen studies reported
key quality metrics. Moreover, five studies (out of thirteen) corrected for
fractional brain tissue volumes (Chiappelli et al., 2017; Cleve et al., 2014,
2017; Gussew et al., 2010; Harris et al., 2009). This is a major problem
because MRS neurotransmitter levels can be underestimated and mis-
interpreted if grey and white matter tissue fractions are not considered
(Gasparovic et al., 2018; Novotny et al., 2003; Wilson et al., 2019). A
recent consensus statement emphasizes acquisition, pre-processing, and
analysis to optimize the measurement of all metabolites for wider
adoption of MRS (Wilson et al., 2019). Future studies may improve the
quantification of glutamate, glutamine, and GABA + by incorporating
measurements of the macromolecular baseline or employing
two-dimensional spectroscopy techniques (Cudalbu et al., 2012; de
Graaf, 2019), thereby providing further insights into the neurotrans-
mitter response to noxious stimulation and its relationship to pain
perception.

Appendix A. Supplementary data
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6. Conclusion

In summary, MRS represents a feasible experimental tool to examine
the neurobiology of pain in healthy subjects. This has been demonstrated
functionally, as a method to track changes related to noxious input, and
at rest by examining the relationship between neurotransmitters and pain
sensitivity. The lack of control conditions (i.e., non-noxious stimulation
or no stimulation), as well as blinding of participant and examiner rep-
resents major sources of bias and should be addressed in future studies.
Overall, MRS is well-positioned to offer new insights into mechanisms of
normal and abnormal sensitivity to pain.
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Appendix 2. Search strategy for each database

MEDLINE

MeSH Key terms
Magnetic Resonance Spectroscopy MRS
Proton magnetic resonance spectroscopy H-MRS
Functional magnetic resonance spectroscopy fMRS.mp
Glutamic Acid Glutamate
Gamma-Aminobutyric Acid GABA
Glutamine Glx
Glutamine
Neurotranmsmitters.mp
Brain Brain.mp
Pain Experimental pain.mp

Experimental Pain

1 to 4 = 9 papers.

1 and 4 = 132 papers.
2 to 4 = 241 papers.
TOTAL = 382.
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MeSH Key terms
Magnetic Resonance Spectroscopy MRS
Proton magnetic resonance spectroscopy H-MRS
Functional magnetic resonance spectroscopy fMRS.mp
Glutamic Acid Glutamate
Gamma-Aminobutyric Acid GABA
Glutamine Glx
Glutamine
Neurotranmsmitters.mp
Brain Brain.mp
Pain Experimental pain.mp

Experimental Pain

1 to 4 = 39 papers.

1 and 4 = 338 papers.
2 to 4 = 674 papers.
TOTAL = 1051.

PUBMED

((((1. Magnetic Resonance Spectroscopy/or Proton Magnetic Resonance Spectroscopy/or 1h-MRS/or MRS/or functional Magnetic resonance
spectroscopy/or fMRS)) AND (2. Glutamic Acid/or gamma-Aminobutyric Acid/or Glutamine/or glutamate/or GABA/or Glx/or Glutamine/or neuro-
transmitters.)) AND (3. brain.mp. or Brain/)) AND (4. Pain/or Pain Perception/or Experimental pain).

MeSH Terms: physiology; glutamine; gamma-aminobutyric acid; brain; glutamic acid; pain perception; pain; neurotransmitter agents; proton
magnetic resonance spectroscopy; magnetic resonance spectroscopy; glutamate neurotransmitter agents.

1 to 4 = 42 papers.

1 and 4 = 1057 papers.
2 to 4 = 3253 papers.
TOTAL = 4352.

References

Aharon, 1., Becerraa, L., Chabris, C.F., Borsooka, D., 2006. Noxious heat induces fMRI
activation in two anatomically distinct clusters within the nucleus accumbens.
Neurosci. Lett. 392, 159-164.

Becerra, L.R., Breiter, H.C., Stojanovic, M., Fishman, S., Edwards, A., Comite, A.R.,
Gonzalez, R.G., Borsook, D., 1999. Human brain activation under controlled thermal
stimulation and habituation to noxious heat: an fMRI study. Magn. Reson. Med. 41,
1044-1057.

Becerra, L., Breiter, H.C., Wise, R., Gonzalez, R.G., Borsook, D., 2001. Reward circuitry
activation by noxious thermal stimuli. Neuron 32, 927-946.

Bingel, U., Glascher, J., Weiller, C., Biichel, C., 2004. Somatotopic representation of
nociceptive information in the putamen: an event-related fMRI study. Cerebr. Cortex
14, 1340-1345.

Borsook, D., Becerra, L.R., 2006. Breaking down the barriers: fMRI applications in pain,
analgesia and analgesics. Mol. Pain 2.

Borsook, D., DaSilva, A.F.M., Ploghaus, A., Becerra, L., 2018. Specific and somatotopic
functional magnetic resonance imaging activation in the trigeminal ganglion by
brush and noxious heat. J. Neurosci. 23, 7897-7903.

Boutron, Isabelle, Page, Matthew J., Higgins, Julian PT., Altman, Douglas G.. Andreas
lundh AH on behalf of the CBMG. Cochrane (Chapter 7): Considering bias and
conflicts of interest among the included studies. n.d. Available: https://training.cochr
ane.org/handbook/current/chapter-07.

Brascher, A.-K., Becker, S., Hoeppli, M.-E., Schweinhardt, P., 2016. Different brain
circuitries mediating controllable and uncontrollable pain. J. Neurosci. 36,
5013-5025. https://doi.org/10.1523/IJNEUROSCI.1954-15.2016.

Brooks, J.C.W., Zambreanu, L., Godinez, A., Craig, A.D., Tracey, L., 2005. Somatotopic
organisation of the human insula to painful heat studied with high resolution
functional imaging. Neuroimage 27, 201-209.

Campbell, P., Wynne-Jones, G., Muller, S., Dunn, K.M., 2013. The influence of
employment social support for risk and prognosis in nonspecific back pain: a
systematic review and critical synthesis. Int. Arch. Occup. Environ. Health 86,
119-137.

Cauda, F., Palermo, S., Costa, T., Torta, R., Duca, S., Vercelli, U., Geminiani, G.,

Torta, D.M.E., 2014. Gray matter alterations in chronic pain: a network-oriented
meta-analytic approach. NeuroImage Clin 4, 676-686. https://doi.org/10.1016/
j-nicl.2014.04.007.

Chiappelli, J., Shi, Q., Wijtenburg, S.A., Quiton, R., Wisner, K., Gaston, F., Kodi, P.,
Gaudiot, C., Kochunov, P., Rowland, L.M., Hong, L.E., 2017. Glutamatergic response
to heat pain stress in schizophrenia. Schizophr. Bull. 1-10. https://doi.org/10.1093/
schbul/sbx133.

Cleve, M., Gussew, A., Reichenbach, J.R., 2014. In vivo detection of acute pain-induced
changes of GABA-+ and Glx in the human brain by using functional 1H MEGA-PRESS
MR spectroscopy. Neuroimage 105.

Cleve, M., Gussew, A., Wagner, G., Bar, K.J., Reichenbach, J.R., 2017. Assessment of
intra- and inter-regional interrelations between GABA+, Glx and BOLD during pain

12

perception in the human brain — a combined1H fMRS and fMRI study. Neuroscience
365, 125-136.

Cudalbu, C., Mlyndrik, V., Gruetter, R., 2012. Handling macromolecule signals in the
quantification of the neurochemical profile. J. Alzheim. Dis.

DaSilva, A.F.M., Becerra, L., Makris, N., Strassman, A.M., Gonzalez, R.G., Geatrakis, N.,
Borsook, D., 2018. Somatotopic activation in the human trigeminal pain pathway.
J. Neurosci. 22, 8183-8192.

Davis, K.D., Pope, G.E., Crawley, A.P., Mikulis, D.J., 2002. Neural correlates of prickle
sensation: a percept-related fMRI study. Nat. Neurosci. 5, 1121-1122.

de Graaf, R.A., 2019. In Vivo NMR Spectroscopy. https://doi.org/10.1002/
9780470512968.

de Matos, N.M.P., Hock, A., Wyss, M., Ettlin, D.A., Briigger, M., 2017. Neurochemical
dynamics of acute orofacial pain in the human trigeminal brainstem nuclear complex.
Neuroimage 162, 162-172. https://doi.org/10.1016/j.neuroimage.2017.08.078.

de Matos, N.M.P., Hock, A., Wyss, M., Ettlin, D.A., Briigger, M., 2017. Neurochemical
dynamics of acute orofacial pain in the human trigeminal brainstem nuclear complex.
Neuroimage 162, 162-172. https://doi.org/10.1016/j.neuroimage.2017.08.078.

Erpelding, N., Moayedi, M., Davis, K.D., 2012. Cortical thickness correlates of pain and
temperature sensitivity. Pain 153, 1602-1609. https://doi.org/10.1016/
j.pain.2012.03.012.

Fardo, F., Vinding, M.C., Allen, M., Jensen, T.S., Finnerup, N.B., 2017. Delta and gamma
oscillations in operculo-insular cortex underlie innocuous cold thermosensation.

J. Neurophysiol. 117, 1959-1968. https://doi.org/10.1152/jn.00843.2016.

Fayed, N., Andres, E., Rojas, G., Moreno, S., Serrano-Blanco, A., Roca, M., Garcia-
Campayo, J., 2012. Brain dysfunction in fibromyalgia and somatization disorder
using proton magnetic resonance spectroscopy: a controlled study. Acta Psychiatr.
Scand. 126, 115-125.

Fayed, N., Lopez del Hoyo, Y., Andres, E., Serrano-Blanco, A., Belldn, J., Aguilar, K.,
Cebolla, A., Garcia-Campayo, J., 2013. Brain changes in long-term zen meditators
using proton magnetic resonance spectroscopy and diffusion tensor imaging: a
controlled study. PloS One 8, 1-14.

Fayed, N., Andrés, E., Viguera, L., Modrego, P.J., Garcia-Campayo, J., 2014. Higher
glutamate + glutamine and reduction of N-acetylaspartate in posterior cingulate
according to age range in patients with cognitive impairment and/or pain. Acad.
Radiol. 21, 1211-1217.

Feraco, P., Bacci, A., Pedrabissi, F., Passamonti, L., Zampogna, G., Pedrabissi, F.,
Malavolta, N., Leonardi, M., 2011. Metabolic abnormalities in pain-processing
regions of patients with fibromyalgia: a 3T MR spectroscopy study. AJNRAmerican J
Neuroradiol 32, 1585-1590.

Foerster, B.R., Nascimento, T.D., DeBoer, M., Bender, M.A., Rice, 1.C., Truong, D.Q.,
Bikson, M., Clauw, D.J., Zubieta, J.K., Harris, R.E., DaSilva, A.F., 2015. Brief report:
excitatory and inhibitory brain metabolites as targets of motor cortex transcranial
direct current stimulation therapy and predictors of its efficacy in fibromyalgia.
Arthritis Rheum. 67, 576-581.

Franklin, T.R., Shin, J., Jagannathan, K., Suh, J.J., Detre, J.A.,, O’Brien, C.P.,

Childress, A.R., 2012. Acute baclofen diminishes resting baseline blood flow to limbic
structures: a perfusion fMRI study. Drug Alcohol Depend. 125, 60-66. https://
doi.org/10.1016/j.drugalcdep.2012.03.016.


http://refhub.elsevier.com/S1053-8119(20)30281-0/sref1
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref1
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref1
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref1
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref2
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref2
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref2
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref2
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref2
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref3
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref3
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref3
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref4
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref4
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref4
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref4
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref4
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref5
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref5
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref6
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref6
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref6
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref6
https://training.cochrane.org/handbook/current/chapter-07
https://training.cochrane.org/handbook/current/chapter-07
https://doi.org/10.1523/JNEUROSCI.1954-15.2016
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref9
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref9
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref9
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref9
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref10
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref10
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref10
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref10
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref10
https://doi.org/10.1016/j.nicl.2014.04.007
https://doi.org/10.1016/j.nicl.2014.04.007
https://doi.org/10.1093/schbul/sbx133
https://doi.org/10.1093/schbul/sbx133
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref13
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref13
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref13
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref13
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref14
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref14
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref14
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref14
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref14
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref14
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref14
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref14
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref15
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref15
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref15
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref16
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref16
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref16
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref16
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref17
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref17
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref17
https://doi.org/10.1002/9780470512968
https://doi.org/10.1002/9780470512968
https://doi.org/10.1016/j.neuroimage.2017.08.078
https://doi.org/10.1016/j.neuroimage.2017.08.078
https://doi.org/10.1016/j.pain.2012.03.012
https://doi.org/10.1016/j.pain.2012.03.012
https://doi.org/10.1152/jn.00843.2016
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref23
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref23
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref23
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref23
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref23
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref24
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref24
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref24
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref24
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref24
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref24
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref25
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref25
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref25
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref25
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref25
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref25
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref25
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref26
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref26
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref26
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref26
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref26
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref27
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref27
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref27
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref27
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref27
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref27
https://doi.org/10.1016/j.drugalcdep.2012.03.016
https://doi.org/10.1016/j.drugalcdep.2012.03.016

J. Archibald et al.

Fulbright, R.K., Troche, C.J., Skudlarski, P., Gore, J.C., Wexler, B.E., 2001. Functional MR
imaging of regional brain activation associated with the affective experience of pain.
Am. J. Roentgenol. 177, 1205-1210.

Gasparovic, C., Chen, H., Mullins, P.G., 2018. Errors in1H-MRS estimates of brain
metabolite concentrations caused by failing to take into account tissue-specific signal
relaxation. NMR Biomed. 31, 1-9.

Gradinger, T., Sack, M., Cardinale, V., Thiacourt, M., Baumgartner, U., Schmahl, C.,
Ende, G., 2019. The glutamate to y-aminobutyric acid ratio in the posterior insula is
associated with pain perception in healthy women but not in women with borderline
personality disorder. Pain 160, 1.

Grant, J.A., Rainville, P., 2009. Pain sensitivity and analgesic effects of mindful states in
zen meditators: a cross-sectional study. Psychosom. Med. 71, 106-114.

Grant, J.A., Courtemanche, J., Duerden, E.G., Duncan, G.H., Rainville, P., 2010. Cortical
thickness and pain sensitivity in zen meditators. Emotion 10, 43-53.

Giilin, 0., 2016. Magnetic Resonance Spectroscopy of Degenerative Brain Diseases.

Gussew, A., Rzanny, R., Erdtel, M., Scholle, H.C., Kaiser, W.A., Mentzel, H.J.,
Reichenbach, J.R., 2010. Time-resolved functional 1H MR spectroscopic detection of
glutamate concentration changes in the brain during acute heat pain stimulation.
Neuroimage 49, 1895-1902. https://doi.org/10.1016/j.neuroimage.2009.09.007.

Gussew, A., Rzanny, R., Giillmar, D., Scholle, H.C., Reichenbach, J.R., 2011. 1H-MR
spectroscopic detection of metabolic changes in pain processing brain regions in the
presence of non-specific chronic low back pain. Neuroimage 54, 1315-1323. https://
doi.org/10.1016/j.neuroimage.2010.09.039.

Gutzeit, A., Meier, D., Meier, M.L., Von Weymarn, C., Ettlin, D.A., Graf, N.,

Froehlich, J.M., Binkert, C.A., Briigger, M., 2011. Insula-specific responses induced
by dental pain. A proton magnetic resonance spectroscopy study. Eur. Radiol. 21,
807-815.

Gutzeit, A., Meier, D., Froehlich, J.M., Hergan, K., Kos, S., Weymarn, C.V., Lutz, K.,
Ettlin, D., Binkert, C.A., Mutschler, J., Sartoretti-Schefer, S., Briigger, M., 2013.
Differential NMR spectroscopy reactions of anterior/posterior and right/left insular
subdivisions due to acute dental pain. Eur. Radiol. 23, 450-460.

Hansen, T.M., Olesen, A.E., Drewes, A.M., 2014. Cingulate metabolites during pain and
morphine treatment as assessed by magnetic resonance spectroscopy. J. Pain
269-276.

Harris, R.E., 2010. Elevated excitatory neurotransmitter levels in the fibromyalgia brain.
Arthritis Res. Ther. 12.

Harris, R.E., Sundgren, P.C., Pang, Y., Hsu, M., Petrou, M., Kim, S.H., McLean, S.A.,
Gracely, R.H., Clauw, D.J., 2008. Dynamic levels of glutamate within the insula are
associated with improvements in multiple pain domains in fibromyalgia. Arthritis
Rheum. 58, 903-907.

Harris, R.E., Sundgren, P.C., Craig, B., Eric, Kirshenbaum, Sen, A., Napadow, V.,
Clauwuthor, D.J., 2009. Elevated insular glutamate (glu) in fibromyalgia (FM) is
associated with experimental pain. Arthritis Rheum. 60, 3146-3152.

Harris, R.E., Napadow, V., Huggins, J.P., Pauer, L., Kim, J., Hampson, J., Sundgren, P.C.,
Foerster, B., Petrou, M., Schmidt-Wilcke, T., Clauw, D.J., 2013. Pregabalin rectifies
aberrant brain chemistry, connectivity, and functional response in chronic pain
patients. Anesthesiology 119, 1453-1464. https://doi.org/10.1097/
ALN.0000000000000017.

Harris, A.D., Saleh, M.G., Edden, R.A.E., 2017. 1H magnetic resonance spectroscopy in
vivo: methods and metabolites. Magn. Reson. Med.

Ito, T., Tanaka-mizuno, S., Iwashita, N., Tooyama, 1., Shiino, A., Miura, K., Fukui, S.,
2017. Proton magnetic resonance spectroscopy assessment of metabolite status of the
anterior cingulate cortex in chronic pain patients and healthy controls. J. Pain Res.
287-293.

Jutzeler, C.R., Curt, A., Kramer, J.L.K., 2015. Relationship between chronic pain and
brain reorganization after deafferentation: a systematic review of functional MRI
findings. NeuroImage Clin 9, 599-606. https://doi.org/10.1016/j.nicl.2015.09.018.

Kanamori, K., Ross, B.D., Kondrat, R.W., 2002. Glial uptake of neurotransmitter glutamate
from the extracellular fluid studied in vivo by microdialysis and 13C NMR.

J. Neurochem. 83, 682-695.

Kreis, Ronald, 2004. Issues of Spectral Quality in Clinical 1H-magnetic Resonance
Spectroscopy and a Gallery of Artifacts. NMR Biomed. 17 (6), 361-381. https://pubm
ed.ncbi.nlm.nih.gov/15468083/.

Kumru, H., Kofler, M., Flores, M.C., Portell, E., Robles, V., Leon, N., Vidal, J., 2013. Effect
of intrathecal baclofen on evoked pain perception: an evoked potentials and
quantitative thermal testing study. Eur. J. Pain 17, 1039-1047.

Kupers, R., Danielsen, E.R., Kehlet, H., Christensen, R., Thomsen, C., 2009. Painful tonic
heat stimulation induces GABA accumulation in the prefrontal cortex in man. Pain
142, 89-93. https://doi.org/10.1016/j.pain.2008.12.008.

Li, B.S.Y., Wang, H., Gonen, O., 2003. Metabolite ratios to assumed stable creatine level
may confound the quantification of proton brain MR spectroscopy. Magn. Reson.
Imaging 21, 923-928.

Mangia, S., Giove, F., DiNuzzo, M., 2011. Metabolic pathways and activity-dependent
modulation of glutamate concentration in the human brain. J Phys Conf Ser 282,
2554-2561.

Mescher, M., Merkle, H., Kirsch, J., Garwood, M., Gruetter, R., 1998. Simultaneous in vivo
spectral editing and water suppression. NMR Biomed. 6, 266-272.

Mobher, D., Liberati, A., Tetzlaff, J., Altman, D.G., 2009. Preferred reporting Items for
systematic reviews and meta-analyses: the PRISMA statement. PLoS ONE Med 6,
€10000097.

Mouraux, A., Iannetti, G.D., 2018. The search for pain biomarkers in the human brain.
Brain.

Mullins, P.G., 2018. Towards a theory of functional magnetic resonance spectroscopy
(fMRS): a meta-analysis and discussion of using MRS to measure changes in
neurotransmitters in real time. Scand. J. Psychol. 59, 91-103. https://doi.org/
10.1111/sjop.12411.

13

Neurolmage 215 (2020) 116794

Mullins, P.G., Rowland, L.M., Jung, R.E., Sibbitt, W.L., 2005. A novel technique to study
the brain’s response to pain: proton magnetic resonance spectroscopy. Neuroimage
26, 642-646.

Mullins, P.G., McGonigle, D.J., O’Gorman, R.L., Puts, N.A.J., Vidyasagar, R., Evans, C.J.,
Edden, R.A.E., Brookes, M.J., Garcia, A., Foerster, B.R., Petrou, M., Price, D.,
Solanky, B.S., Violante, LR., Williams, S., Wilson, M., 2014. Current practice in the
use of MEGA-PRESS spectroscopy for the detection of GABA. Neuroimage.

Near, J., Simpson, R., Cowen, P., Jezzard, P., 2011. Efficient G -aminobutyric Acid Editing
at 3T without Macromolecule Contamination, pp. 1277-1285.

Niesters, M., Khalili-Mahani, N., Martini, C., Aarts, L., van Gerven, J., van Buchem, M.A.,
Dahan, A., Rombouts, S., 2012. Effect of subanesthetic ketamine on intrinsic
functional brain connectivity. Anesthesiology 117, 868-877. https://doi.org/
10.1097/ALN.0b013e31826a0db3.

Novotny, E.J., Fulbright, R.K., Pearl, P.L., Gibson, K.M., Rothman, D.L., 2003. Magnetic
resonance spectroscopy of neurotransmitters in human brain. Ann. Neurol. 54,
25-31.

Okuda, K., Sakurada, C., Takahashi, M., Yamada, T., Sakurada, T., 2001. Characterization
of nociceptive responses and spinal releases of nitric oxide metabolites and glutamate
evoked by different concentrations of formalin in rats. Pain 92, 107-115.

O’Gorman Tuura, R., Warnock, G., Ametamey, S., Treyer, V., Noeske, R., Buck, A.,
Sommerauer, M., 2019. Imaging glutamate redistribution after acute N-acetylcysteine
administration: a simultaneous PET/MR study. Neuroimage 184, 826-833. https://
doi.org/10.1016/j.neuroimage.2018.10.017.

Peyron, R., Fauchon, C., 2018. Functional imaging of pain. Rev. Neurol. (Paris) 1-8.
https://doi.org/10.1016/j.neurol.2018.08.006.

Ploghaus, A., Tracey, 1., Gati, J.S., Clare, S., Menon, R.S., Matthews, P.M., Rawlins, J.N.,
1999. Dissociating pain from its anticipation in the human brain. Science 284,
1979-1981. https://doi.org/10.1126/science.284.5422.1979, 80-.

Ploghaus, A., Becerra, L., Borras, C., Borsook, D., 2003. Neural circuitry underlying pain
modulation: expectation, hypnosis, placebo. Trends Cognit. Sci.

Ramadan, S., Lin, A., Stanwell, P., 2013. Glutamate and Glutamine: A Review of in Vivo
MRS in the Human Brain, vol. 26, pp. 1-27.

Rogers, R., Wise, R., Painter, D., Longe, S., Tracey, 1., 2004. An investigation to dissociate
the analgesic and anesthetic properties of ketamine using functional magnetic
resonance imaging. Anesthesiology 292-301.

Rolke, R., Baron, R., Maier, C., To, T.R., Treede, R., Beyer, A., Binder, A., Birbaumer, N.,
Birklein, F., Bo, I.C., 2006. Quantitative Sensory Testing in the German Research
Network on Neuropathic Pain ( DFNS ): Standardized Protocol and Reference Values,
vol. 123, pp. 231-243.

Saleh, M.G., Rimbault, D., Mikkelsen, M., Oeltzschner, G., Wang, A.M., Jiang, D.,
Alhamud, A., Near, J., Schar, M., Noeske, R., Murdoch, J.B., Ersland, L., Craven, A.R.,
Dwyer, G.E., Griiner, E.R., Pan, L., Ahn, S., Edden, R.A.E., 2019. Multi-vendor
standardized sequence for edited magnetic resonance spectroscopy. Neuroimage.

Schousboe, A., Westergaard, N., Waagepetersen, H.S., Larsson, O.M., Bakken, L.J.,
Sonnewald, U., 1997. Trafficking between glia and neurons of TCA cycle
intermediates and related metabolites. Glia 21, 99-105.

Schweinhardt, P., Bushnell, C., 2010. Pain imaging in health and diease- how far have we
come? J. Clin. Invest.

Schweinhardt, P., Lee, M., Tracey, 1., 2006. Imaging pain in patients: is it meaningful?
Curr. Opin. Neurol. 19, 392-400.

Seixas, D., Foley, P., Palace, J., Lima, D., Ramos, L., Tracey, I., 2014. Pain in multiple
sclerosis: a systematic review of neuroimaging studies. NeuroImage Clin 5, 322-331.
https://doi.org/10.1016/j.nicl.2014.06.014.

Silva, E., Hernandez, L., Contreras, Q., Guerrero, F., Alba, G., 2000. Noxious stimulation
increases glutamate and arginine in the periaqueductal gray matter in rats: a
microdialysis study. Pain 87, 131-135.

Sluka, K.A., Clauw, D.J., 2016. Neurobiology of fibromyalgia and chronic widespread
pain. Neuroscience.

Sluka, K.A., Willis, W.D., 1998. Increased spinal release of excitatory amino acids
following intradermal injection of capsaicin is reduced by a protein kinase G
inhibitor. Brain Res. 798, 281-286.

Stanley, J.A., Raz, N., 2018. Functional magnetic resonance spectroscopy: the “new” MRS
for cognitive neuroscience and psychiatry research. Front. Psychiatr. 9.

Teutsch, S., Herken, W., Bingel, U., Schoell, E., May, A., 2008. Changes in brain gray
matter due to repetitive painful stimulation. Neuroimage 42, 845-849.

Thiaucourt, M., Shabes, P., Schloss, N., Sack, M., Baumgartner, U., Schmahl, C., Ende, G.,
2017. Posterior insular GABA levels inversely correlate with the intensity of
experimental mechanical pain in healthy subjects. Neuroscience 1-7.

Tracey, 1., 2017. Neuroimaging mechanisms in pain : from discovery to translation.

J. Pain 158.

Vetter, G., Geisslinger, G., Tegeder, 1., 2001. Release of glutamate, nitric oxide and
prostaglandin E2 and metabolic activity in the spinal cord of rats following peripheral
nociceptive stimulation. Pain 92, 213-218.

Wager, T.D., Atlas, L.Y., Lindquist, M a, Roy, M., Woo, C.-W., Kross, E., 2013. An fMRI-
based neurologic signature of physical pain. N. Engl. J. Med. 368, 1388-1397.
https://doi.org/10.1056/NEJMoal204471.

Wilson, M., Andronesi, O., Barker, P.B., Bartha, R., Bizzi, A., Bolan, P.J., Brindle, K.M.,
Choi, L.-Y., Cudalbu, C., Dydak, U., Emir, U.E., Gonzalez, R.G., Gruber, S.,

Gruetter, R., Gupta, R.K., Heerschap, A., Henning, A., Hetherington, H.P., Huppi, P.S.,
Hurd, R.E., Kantarci, K., Kauppinen, R.A., Klomp, D.W.J., Kreis, R., Kruiskamp, M.J.,
Leach, M.O., Lin, A.P., Luijten, P.R., Marjanska, M., Maudsley, A.A., Meyerhoff, D.J.,
Mountford, C.E., Mullins, P.G., Murdoch, J.B., Nelson, S.J., Noeske, R., Oz, G.,

Pan, J.W., Peet, A.C., Poptani, H., Posse, S., Ratai, E.-M., Salibi, N., Scheenen, T.W.J.,
Smith, 1.C.P., Soher, B.J., Tkac, L., Vigneron, D.B., Howe, F.A., 2019.

A methodological consensus on clinical proton MR spectroscopy of the brain: review
and recommendations. Magn. Reson. Med. 1-39.


http://refhub.elsevier.com/S1053-8119(20)30281-0/sref29
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref29
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref29
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref29
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref30
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref30
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref30
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref30
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref31
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref31
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref31
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref31
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref31
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref31
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref32
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref32
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref32
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref33
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref33
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref33
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref34
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref34
https://doi.org/10.1016/j.neuroimage.2009.09.007
https://doi.org/10.1016/j.neuroimage.2010.09.039
https://doi.org/10.1016/j.neuroimage.2010.09.039
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref37
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref37
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref37
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref37
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref37
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref38
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref38
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref38
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref38
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref38
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref39
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref39
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref39
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref39
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref40
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref40
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref41
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref41
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref41
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref41
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref41
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref42
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref42
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref42
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref42
https://doi.org/10.1097/ALN.0000000000000017
https://doi.org/10.1097/ALN.0000000000000017
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref44
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref44
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref45
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref45
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref45
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref45
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref45
https://doi.org/10.1016/j.nicl.2015.09.018
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref47
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref47
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref47
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref47
https://pubmed.ncbi.nlm.nih.gov/15468083/
https://pubmed.ncbi.nlm.nih.gov/15468083/
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref48
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref48
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref48
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref48
https://doi.org/10.1016/j.pain.2008.12.008
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref50
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref50
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref50
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref50
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref51
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref51
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref51
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref51
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref52
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref52
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref52
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref53
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref53
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref53
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref54
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref54
https://doi.org/10.1111/sjop.12411
https://doi.org/10.1111/sjop.12411
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref56
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref56
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref56
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref56
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref57
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref57
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref57
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref57
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref58
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref58
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref58
https://doi.org/10.1097/ALN.0b013e31826a0db3
https://doi.org/10.1097/ALN.0b013e31826a0db3
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref60
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref60
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref60
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref60
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref61
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref61
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref61
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref61
https://doi.org/10.1016/j.neuroimage.2018.10.017
https://doi.org/10.1016/j.neuroimage.2018.10.017
https://doi.org/10.1016/j.neurol.2018.08.006
https://doi.org/10.1126/science.284.5422.1979
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref65
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref65
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref66
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref66
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref66
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref67
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref67
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref67
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref67
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref68
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref68
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref68
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref68
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref68
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref69
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref69
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref69
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref69
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref69
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref70
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref70
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref70
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref70
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref71
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref71
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref72
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref72
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref72
https://doi.org/10.1016/j.nicl.2014.06.014
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref74
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref74
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref74
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref74
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref75
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref75
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref76
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref76
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref76
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref76
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref77
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref77
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref78
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref78
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref78
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref79
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref79
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref79
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref79
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref79
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref80
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref80
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref81
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref81
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref81
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref81
https://doi.org/10.1056/NEJMoa1204471
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref83

J. Archibald et al.

Zhuo, M., 2006. Molecular mechanisms of pain in the anterior cingulate cortex.
J. Neurosci. Res. 259, 250-259.

Zunhammer, M., Schweizer, L., Witte, V., Harris, R.E., Bingel, U., Schmidt-Wilcke, T.,
2016. Combined glutamate and glutamine levels in pain-processing brain regions are

14

Neurolmage 215 (2020) 116794

associated with individual pain sensitivity. Pain 157, 1. https://doi.org/10.1097/
j-pain.0000000000000634.

Zunhammer, M., Bingel, U., Wager, T.D., 2018. Placebo effects on the neurologic pain
signature: a meta-analysis of individual participant functional magnetic resonance
imaging data. JAMA Neurol 75, 1321-1330.


http://refhub.elsevier.com/S1053-8119(20)30281-0/sref84
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref84
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref84
https://doi.org/10.1097/j.pain.0000000000000634
https://doi.org/10.1097/j.pain.0000000000000634
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref86
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref86
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref86
http://refhub.elsevier.com/S1053-8119(20)30281-0/sref86

	Excitatory and inhibitory responses in the brain to experimental pain: A systematic review of MR spectroscopy studies
	1. Introduction
	2. Methods
	2.1. Protocol registration
	2.2. Electronic literature search
	2.3. Eligibility criteria
	2.4. Study selection
	2.5. Study appraisal and risk of bias assessment

	3. Quality assessment criteria questions
	3.1. Data extraction process

	4. Results
	4.1. Included/excluded studies
	4.2. MRS methods and spectral quality results
	4.3. Neurochemical changes in response to experimental pain
	4.4. Baseline neurotransmitters and reported pain sensitivity

	5. Discussion
	5.1. Functional MRS: effect of noxious stimulation in healthy subjects
	5.2. Detection of GABA+: spectral editing techniques
	5.3. Interpretation of neurochemical changes in the brain based on task-related MRS
	5.4. MRS and the brain at rest: relationship with inter-individual variability in experimental pain sensitivity
	5.5. Overall quality of studies using MRS to examine experimental pain
	5.6. Limitations and technical implications

	6. Conclusion
	Author contribution statement
	Acknowledgments
	Appendix A. Supplementary data
	Appendix 2. Search strategy for each database
	MEDLINE
	EMBASE
	PUBMED

	References


