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This review summarizes major findings and recent advances in magnetic resonance spectroscopy
(MRS) of migraine. A multi database search of PubMed, EMBASE, and Web of Science was per-
formed with variations of magnetic resonance spectroscopy and headache until 20th September
2021. The search generated 2897 studies, 676 which were duplicates and 1836 were not related to
headache. Of the remaining 385 studies examined, further exclusions for not migraine (n = 114),
and not MRS of human brain (n = 128), and non-original contributions (n = 51) or conferences (n
= 24) or case studies (n = 11) or non-English (n = 3), were applied. The manuscripts of all resulting
reports were reviewed for their possible inclusion in this manuscript (n = 54). The reference lists of
all included reports were carefully reviewed and articles relevant to this review were added (n = 2).

Included are 56 studies of migraine with and without aura that involve magnetic resonance spec-
troscopy of the human brain. The topics are presented in the form of a narrative review. This review
aims to provide a summary of the metabolic changes measured by MRS in patients with migraine.
Despite the variability reported between studies, common findings focused on regions functionally
relevant to migraine such as occipital cortices, thalamic nuclei, cerebellum and cingulate. The most
reproducible results were decreased N-acetyl-aspartate (NAA) in cerebellum in patients with hemi-
plegic migraine and in the thalamus of chronic migraine patients. Increased lactate (Lac) in the oc-
cipital cortex was found for migraine with aura but not in subjects without aura. MRS studies support
the hypothesis of impaired energetics and mitochondrial dysfunction in migraine. Although results
regarding GABA and Glu were less consistent, studies suggest there might be an imbalance of these
important inhibitory and excitatory neurotransmitters in the migraine brain. Multinuclear imaging
studies in migraine with and without aura, predominantly investigating phosphorous, report alter-
ations of PCr in occipital, parietal, and posterior brain regions. There have been too few studies to
assess the diagnostic relevance of sodium imaging in migraine.

Introduction brain structure and function associated with migraine, often in pain

processing regions (the ‘pain matrix’), regions responsible for multi-

Migraine is a neurological disease affecting over a billion individuals
worldwide (Stovner et al., 2018). Migraine attacks, which last between 4
and 72 h, typically include moderate to severe throbbing headache with
a combination of nausea, vomiting, sensitivity to light and sound, and
worsening of symptoms with routine physical activity (Cephalalgia,
2018). Research neuroimaging studies have identified abnormalities in

* Corresponding author at: 5777 East Mayo Blvd, Phoenix, AZ 85054, USA.

sensory integration (Rocca et al., 2006, Valfre et al., 2008, Ellingson
et al., 2019), and in regions responsible for processing of other sensory
stimuli (e.g. visual regions). Studies performed during migraine attacks
have identified early involvement of hypothalamic and brainstem re-
gions, suggesting that changes in their activity and functional connec-
tivity are associated with generation of the migraine attack (Schulz
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et al., 2007, Stankewitz et al., 2011, Stankewitz and May 2011, Chong
et al., 2017, Hougaard et al., 2017, Schulte and May 2017, May and
Burstein 2019, Mehnert and May 2019, Schulte et al., 2020).

Metabolic information from specific brain regions of interest can be
obtained via magnetic resonance spectroscopy (MRS), a non-invasive
imaging technique. Conventional MRS imaging measures signal from
protons, which are abundant due to the high water and fat content in
tissue. Proton 'H MRS spectra can be acquired with conventional
hardware on a clinical MRI system. The measurable metabolites with *H
MRS are N- Acetyl Aspartate (NAA, neuronal marker), creatine (Cr, cell
energy marker), choline (Cho, cell membrane turnover marker),
myoinositol (ml, astrocyte marker), glutamate-glutamine complex (Glx,
excitatory neurotransmitters), y-aminobutyric acid (GABA, inhibitory
neurotransmitter), and lactate (Lac, marker of hypoxia). Most clinical
systems have 'H MRS protocols which can measure each metabolite
except for GABA. The latter requires a specialized developmental
sequence, thereby limiting the prevalence of acquired data in the clinical
setting. There are nuclei that are detectable with specialized hardware,
such as sodium (**Na) and phosphorus P). 2Na imaging can detect
sodium concentration and pH due to chemical shift. 3'P can provide
information on metabolites such as phosphocreatine (PCr), adenosine
diphosphate (ADP) and adenosine triphosphate (ATP). These non 'H
MRS studies are not as widely used but are very useful for identification
of cellular energetics and ionic imbalances.

There are numerous spectroscopy imaging studies of migraine, but
the results are highly variable, making interpretation difficult. The
voxels selected for spectroscopic imaging range widely and include
cortical and non-cortical regions. Data is acquired using different coils
and different magnetic field strengths,processed by different software
and presented in different units (absolute vs ratios), all of which makes
results hard to compare. As such, the interpretation of published MRS
results is not straightforward.

The majority of the published results in migraine are collected using
'H MRS, but there are also multinuclear studies using 3'P or 2*Na.
Numerous reports demonstrate metabolic aberrations in the migraine
brain, such as increased glutamate levels (signifying excitotoxicity),
decreased levels of N-Acetyl Aspartate (suggestive of neuronal damage),
as well as abnormal levels of GABA in pain processing areas. It is possible
that migraine metabolic biomarkers exist, but improved and consistent
MRS techniques are needed to achieve their identification.

The goal of this review is to provide a summary of the metabolic
changes measured by all types of MRS in people with migraine, focusing
on the most prevalent findings and those that correlate with clinical
characteristics.

Methods

This review followed the Preferred Reporting Items for Systematic
Reviews and meta-Analysis statement (PRISMA 2020), (Page et al.,
2021). Studies were included in this review if they contained ((migraine
OR migraineurs OR headache) AND (in-vivo NMR spectroscopy OR
magnetic resonance spectroscopy OR magnetic resonance spectros-
copies OR in-vivo NMR spectroscopy OR MRS)) in their text, title, or
abstract. Studies that did not involve headache were excluded. The
remaining studies were examined and excluded if they were not specific
to migraine, not related to MRS of the human brain, unoriginal contri-
butions (review or letters), a conference proceeding, case study, or
written in a language other than English. Three databases were used to
search for studies: OVID EMBASE, WEB of SCIENCE and PubMed.
Studies were included in this review if they were published before Sept
20, 2021. In addition to identifying articles using the search strategy
described above, the reference lists of all included articles were
inspected to make sure that studies were not missed.

The abstracts of all articles were screened for inclusion. Reasons for
inclusion and exclusion were documented. All duplicate studies were
removed. Results created from the same subjects were excluded. Each
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database was reviewed independently prior to duplication removals.
Many studies were reviewed up to 3 times. The Ovid (EMBASE) search
provided article type (article, conference, review) that was leveraged
during the screening process. No automated tools were used.

Data collected from each study included the type of nuclei studied
(*H, %Na or °!P), the migraine subtype (e.g. migraine with aura,
migraine without aura, hemiplegic migraine), the imaging sequence
parameters such as repetition time (TR) and echo time (TE), the field
strength the study was performed at, the number of patients (and con-
trols when available), the voxel location, the type of imaging sequence
used (PRESS, GRI, CSI etc.), the software used for data analysis, the main
findings, and bibliometric data including authors and year of publica-
tion. All data items are presented in Table 1 and the inclusion process is
outlined in Fig. 1. The visual presentation of results by metabolite and
brain region is shown in Fig. 2. The results synthesis examines each
metabolite individually as it relates to various brain regions in migraine.
Conventional 1H-MRS is considered separately from multinuclear,
functional MRS, and multidimensional studies.

Results
Study selection

The multiple database search of PubMed, EMBASE, and Web of
Science for variations of search terms for MRS and headache until 20th
September 2021 resulted in identifying 2897 studies, 676 which were
duplicates and 1836 which were not related to headache. Of the
remaining 385 studies examined, articles were excluded for not studying
migraine (n = 114), not being MRS studies of the human brain (n =
128), for not being original contributions (n = 52), and for being con-
ference papers (n = 24) or case studies (n = 11), or for not being written
in English (n = 3). The manuscripts of all resulting reports were included
in this review (n = 54). The reference lists of all included reports were
carefully read, and relevant references were added (n = 2). One article
had overlapping patient groups. The migraine patients included in Aradi
et al., (Aradi et al., 2013) were re-used for a longitudinal study by
Erdelyi-Botor et al., (Erdelyi-Botor et al., 2015). Included in this review
are 56 studies of migraine with and without aura that involve MRS of the
human brain.

Study characteristics

The field strengths of the included studies consisted of eighteen at
1.5T, five at 1.9 to 2 T, twenty-seven at 3 T, two at 4 T, three at 7 T and
one which was undisclosed. In regard to the pulse sequences used,
twenty-seven studies used PRESS MRS pulse sequence, six studies used
MEGA-Press, six used DRESS, three -CSI, two -SPECIAL, two -fid, one
used LASER, one -semi-LASER, one —3D GRE, two -EPI, one -NOESY,
one -long echo time MRS, one -STEAM and one was unspecified. In terms
of analysis software, eighteen used LCModel, eight -MRI manufacturer’s
software, six -JMRUI, five -Gannet, four -Gencap, one -OSIRIX, one
-ProFit, one -Sparc20, four used custom in-house software, and eight
were not specified. In terms of voxel selection, the majority of the studies
(28) examined the occipital lobe, nine studied the thalamus, seven used
the anterior cingulate cortex (ACC), five used the posterior cingulate
cortex/posterior cingulate gyrus (PCC/PCG), five studied the pons, four
used the cerebellum, and other brain regions were investigated in two or
fewer studies.

Results of individual studies
Summaries of study parameters and results as described by the au-

thors are presented in Table 1. The metabolic results from each study,
organized by brain region and migraine phenotype are shown in Fig. 2.



Table 1
Summary of MRS in migraine including migraine phenotype, methodology, and main findings.

Nuclei =~ Migraine TR [ms]/ Field Number Number of Voxel Location
Phenotype* TE[ms] Strength of Patients
[T] Controls

Sequence

Software

Main Findings Year Reference

1H M 1800/68 3 19 19 Posterior Cigulate Cortex (PCC)

1H M 1800/68 not 20 20 PCC
reported

1H MwA, MwoA 6000/30 3 17 17 WMH, contralateral

1H MwA 5000/36.5 3 14 15 visual cortex

31P M 5000/(N/ 1.5 15 8 occipital
A)

MEGA-PRESS

MEGA-PRESS

PRESS

PRESS

DRESS

Gannet

Gannet

LCModel

LCModel

Gencap

Increased GABA+ (p = 0.002) in 2015 Aguila, M.E.,
migraine patients (median, 1.41 et al.
institutional units (IU); interquartile

range, 1.31-1.50 IU) relative to

controls (median, 1.18 IU; interquartile

range, 1.12-1.35 IU). Results give

optimal GABA + cut-off value for

migraine of 1.30 IU, with a sensitivity

of 84.2 %, specificity of 68.4 % and

positive likelihood ratio of + 2.67. The

study demonstrates thatGABA +

concentration has good diagnostic

accuracy for migraine.

Positive association between GABA 2016 Aguila, M.R.,
levels in the posterior cingulate of et al.
individuals with migraine and pain

scores, specifically total short form

McGill Pain Questionaire-2 (SF-MPQ-2)

scores (p = 0.47; P = 0.04) and SF-

MPQ-2 scores on intermittent (t = 0.33;

P = 0.04), neuropathic (t = 0.37; P =

0.03), and affective (p = 0.49; P = 0.03)

pain subscales. Positive association

between GABA levels and Central

Sensitization Inventory (CSI) scores (p

= 0.48; P = 0.03). CSI was shown to

have good diagnostic accuracy for

migraine prediction.

Decrease of NAA and Cr in the WMH + 2013 Aradi, M.,
migraine voxels compared to WMH — etal.,
migraine (NAA, P = 0.031, Cr, P =

0.001) and healthy controls (NAA P =

0.016, Cr P = 0 0.002). No statistical

difference among the 3 voxel groups for

Glx, Cho, Cr, mI. No Lac was present.

In patients, increased Lac was observed 2016 Arngrim, N.,
during hypoxia of 61 % (CI 13-108 %), et al.
and during sham of 7 % (CI-21-35 %),

p = 0.028. No changes in glutamate

concentration and other metabolites

(NAA, tCr) were reported in migraine

patients realative to sham. There were

no changes in any of the metabolites

between controls and patients at 180

min (p > 0.05) or at 240 min (p > 0.05).

Reduced phosphocreatine to inorganic 1990 Barbiroli, B.,
phosphate ratio (PCr/P) in all patients, et al.
ranging from 1.75 to 2.48 with 3.57

(0.27) in healthy controls. PCr/ATP

ratio was reduced in five patients and

borderline in other three wrt control

average of 1.25(0.12).

(continued on next page)
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Table 1 (continued)

Nuclei  Migraine
Phenotype*

TR [ms]/
TE[ms]

Field
Strength
[T]

Number
of
Controls

Number of
Patients

Voxel Location

Sequence Software

Main Findings

Year Reference

31P MwA, MwoA

1H MwoA

1H EM

1H MwA, MwoA

1H MwA, MwoA

31P MwA, MwoA,
HM

5000/(N/
A)

2000/30

2000/
(31-229)

1800/80

2000/72

1000/(N/
A)

1.5

N/A

15

33

31

40

MwaA 12
MwoA 4

15

32

25 (pediatric)
MwA = 9, MwoA
=15

19, 9 MwA and
10 MwA

46 (19MwA,
19MwoA, 8 HM)

occipital

occipital/thalamus

anterior cingulate cortex (ACC)

thalamus, visual cortex,
sensorimotor cortex

occipital

posterior lower slice (calcarine
cortex, temporal gyri, occipital

gyri); anterior center slice (frontal
gyri, frontal forceps, genu of corpus
callosum); posterior center slice
(occipital cortex association regions

3D LASER

3D CSI

DRESS Gencap

MEGA PRESS LCModel

2D MRS ProFit
modified j-

resolved

PRESS

MEGA PRESS Gannet

3D FT custom

SPARC 20

Lower PCr (3.73 (0.30)) in patients vs
4.47 (0.27) in controls, and increased
ADP in all patients (37 (6.5)) vs 28.9
(2.51) for controls.

Increased GLX levels in both the
primary occipital cortex (z = 2.08, p =
0.038) and thalamus (z = 2.54, p =
0.011). No group differences were
observed in GABA/tCr, NAA/tCr and
Cr/H20 for these two regions. No
significant correlations between pain
intensity and levels of GLX or GABA in
either of the two brain regions.

No significant differences for Cr
normalized metabolite levels.
Reduction in Asp/Cr, NAA/Cr, and Gln/
Cr reported in ACC in the migraine
cohort (not statistically significant).
No significant differences reported in
Glx (F(1, 51) = 0.241, P = 0.626), Glu
(F(1, 51) = 0.001, P = 0.974), or GABA
(F(1, 49) =

0.431, P = 0.515) levels in the thalamus
between migraine and control groups.
No significant differences in any of the
metabolites in the sensorimotor cortex
(Glx: F(1, 50) = 0.870, P = 0.356; Glu: F
(1, 50) = 1.047, P = 0.311; GABA: F(1,
49) =0.927, P = 0.340; GABA/GIx: F(1,
47) = 1.258, P = 0.268. There were no
significant differences in Glx (F(1, 48)
=1.989, P = 0.165), Glu (F(1, 48) =
2.812, P = 0.100), GABA F(1, 48) =
0.264 in the visual cortex between
migraine patients and controls. Levels
of Glu were significantly lower in
migraine with aura (P = 0.022)
compared to controls.

GABA levels are not significantly
different in migraineurs and controls, or
in migraine with or without aura. There
were no significant differences in GABA
(F(2, 46) = 0.458, P = 0.635), Glx (F(2,
46) = 2.798, P = 0.071), or GABA/GIx
ratios (F(2, 45) = 1.024, P = 0.367) in
the visual cortex between the 3 groups
(MwA, MwoA and controls)
Pronounced changes observed in
hemiplegic migraine patients.
Significantly decreased [Mg?*] in
patients relative to control subjects in
posterior but not anterior brain regions.
A trend toward decreased [PCr]

1992 Barbiroli, B.,
et al.

2018 Bathel A,
et al.

2016 Becerra, L.,
et al.

2021 Bell, T., et al

2008 Bigal, M.E.,
et al.

2002 Boska, M.D.,
et al.

(continued on next page)
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Table 1 (continued)

Nuclei

Migraine
Phenotype*

TR [ms]/
TE[ms]

Field
Strength
[T]

Number
of
Controls

Number of
Patients

Voxel Location

Sequence

Software

Main Findings Year Reference

1H

1H

1H

1H

MwA

MwA, MwoA

MwoA

HM

4000/8.5

1500/68

2000/144

2000/35

1.5

1.5

13

16

16

17

13

16 (9 MwA, 7
MwoA)

15

15

with some of the calcarine cortex);
and occipital cortex

occipital

occipital

occipital lobe

SCV, visual, parietal

SPECIAL

MEGA PRESS

PRESS

PRESS

LCModel

Gannet

JMRUI

LCModel

reported in the occipital cortex. No

significant changes found in [PME],

[PDE], or [Pi] in these regions. No

significant metabolite changes were

found in MwoA and MwA patients.

Reduced occipital GABA levels (by 10 2015 Bridge H., rt
%) in migraine patients relative to al.
controls (t = 1.8, p = 0.042). No

changes in glutamate levels between

patients and controls (t = 0.85, p =

-0.41). Glutamate levels in migraine

patients correlated with the blood-
oxygenation-level-dependent (BOLD)

signal in the primary visual cortex

during visual stimulation.

Decreased Glx in migraineurs relative 2019 Chan YM,
to controls (Controls: 1.90 + 0.27iu, et al.
Migraineurs:1.61 =+ 0.12iu; Welch’s t

(20.94) = 4.04, p < 0.001, Cohen’s d =

1.42, , resulting in a significantly higher

GABA/GIx ratio in the migraine cohort

(Controls: 1.78 + 0.36iu, Migraineurs:

2.14 + 0.19iu; Welch’s t(22.78) = 3.54,

p = 0.002; Cohen’s d = 1.25, . No

change in occipital GABA levels

between groups (mean + sd: Controls:

3.31 £ 0.32iu, Migraineurs: 3.42 +

0.24iu; t-test: t(30) = 1.12, p = 0.27;

Cohen’s d = 0.39, . Neither GABA

levels, nor Glx levels correlated with

rivalry percept duration data.

Significant reduction of NAA/Cr ratio 2020 Dehghan, A.,
in patient group relative to control et al.
group (p = 0.0001). Increased Cho/Cr

(0.671 controls, 1.159 patients, p =

0.000%) and mI/NAA in the patient

group (p = 0.004). The Cho/Cr ratio

significantly correlated with disease

duration (r = 0.686, p < 0.001) and

number of disease attacks (r = 0.758, p

< 0.001). No significant relationship

between Increased duration of illness

and frequency of attack with mI/NAA

ratio (r = 0.125, p = 0.569).

Significant disease effect for metabolite 2005 Dichgans, M.,
concentrations (reduction of NAA, Glu et al.
and increase in ml) in the superior

cerebeller vermis (Wilks A = 0.395, F =

7.036, df = 5.000, p < 0.001). No

significant effects in the visual cortex

(Wilks A = 0.858, F = 0.759, df = 5.000,
p = 0.588) and in the parietal cortex

(continued on next page)
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Table 1 (continued)

Nuclei

Migraine
Phenotype*

TR [ms]/ Field
TE[ms] Strength
[T]

Number
of
Controls

Number of
Patients

Voxel Location

Sequence

Software

Main Findings Year

Reference

1H

1H

1H

1H

1H

VM

MwA, MwoA

M, Pain and
cognitive
impairment

MwA, MwoA

M and
trigeminal
neuralgia

TR not 1.5
provided,
TE = 135

6000/30 3

2000/35 1.5

2500/66 3

1000/144 3

20

N/A

193

19

14

25

17 (10 MwaA, 7
MwoA)

207 (33 with
Migraine)

27

36

occipital lobe

WMH, contralateral

PCC

paracingulate and occipital cortices

multi voxel

long echo
time MRS

PRESS

PRESS

PRESS

CSI

not specified

LCModel

LCModel

LCModel

Functool
software
provided by
the Advanted
windows of
General Electric

(Wilks > = 0.816, F = 0.991, df = 5.000,
p = 0.446).

Lactate peaks detected in occipital lobes 2020
of patients. Lactate correlates with
presence of non paroxysmal positional
nystagmus.

Significantly decreased NAA (median 2015
values 8.133 vs 7.153 mmol/L, P =
0.009) and creatine/phosphocreatine
(median

values 4.970 vs 4.641 mmol/L, P =
0.015) concentrations were reported
compared to baseline, indicative of
axonal loss and glial hypocellularity
with decreased intracellular energy
production.

Significantly lower NAA (P = 0.003) 2014
and NAA/Cr (P = 0.015) in migraine
group relative to controls. Significantly
greater Glx (glutamate + glutamine) (P
< 0.001) and Glx/Cr (P < 0.000) in
patients relative to controls. Glu, Glx,
NAA, and their Cr ratios exhibited a
negative correlation with age, whereas
ml and Cho exhibited a positive
correlation with age.

Higher Glu/Gln ratio was reported in 2013
the occipital cortex of migraine patients
compared with healthy control subjects
(4.87 for migraineurs -standard
deviation (SD) = 2.74 and 3.42 for
controls (SD = 1.52, P = 0.042). The
authors observed elevated Glu levels
(6.98 for migraineurs (SD = 0.85) and
6.22 for controls (SD = 0.97, P =
0.007), and higher Glu/Cr + PCr ratio
(1.18 for migraineurs (SD = 0.18) and
1.00 for controls (SD = 0.16, P = 0.001)
in anterior paracingulate cortex in
migraine patients.

Significant difference in NAA/Cho 2008
between migraine and control groups
(p = 0.05). In trigeminal neuralgia
group, NAA/Cho of both sides was
lower than those of control group (p =
0.05). For the affected side, the
difference of NAA/Cho in migraine
group was observed in the left side, not
in the right side (p = 0.05). Bilateral
differences were observed in NAA/Cr
and Cho/Cr in trigeminal neuralgia
group. Comparing the metabolite
concentration ratios of affected and

ElSherif, M.,
et al.

Erdelyi-
Botor, S.,
et al.

Fayed, N.,
et al.

Gonzalez de
la Aleja, J.,
et al.

Gu, T., et al.

(continued on next page)
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Table 1 (continued)

Nuclei  Migraine

Phenotype*

TR [ms]/
TE[ms]

Field
Strength
[T]

Number
of
Controls

Number of
Patients

Voxel Location Sequence

Software

Main Findings

Year Reference

1H MwoA

1H EM, CM

1H MwA, MwoA

1H M

31P MS, MwoA,
MwA, and
cluster
headache

2000/144

1000/144

2000/68

1500/35

4500/(N/
A)

1.5

1.5

1.5

14

16

N/A

36

15 MwoA, 14
cervicogenic
headache (CH)

19 EM, 53 CM

1 MwaA, 13
MwoA

30 (15 with and
15 without major
depressive
disorder)

78 (7 M stroke,
21 MwoA, 50
MwA, 13 cluster
headache)

thalamus, ACC, paracentral gyrus 2D
(posterior) multivoxel
PRESS

brainstem PRESS

anterior cortex, posterior cingulate MEGA-PRESS

cortex and medial prefrontal cortex

dorsolateral prefrontal cortex PRESS

occipital DRESS

manufacturer
supplied

GE scanner

not specified

GE SAGE

not specified

contralateral thalami in migraine and
trigeminal neuralgia groups, only NAA/
Cr showed a significantly difference (p
= 0.05).

Increased NAA/Cr in bilateral thalamus
in MwoA patients after acupuncture
threatment (left: 1.90 & 0.22 vs 2.11 +
0.35, T = 3.43, ES = 0.68, p = 0.006),
(right: 1.83 + 0.18 vs 1.96 + 0.14, T =
3.38, ES = 0.81, p = 0.006). In the ACC
there was no change in NAA/Cr in
MwoA, decrease of NAA/Cr and Cho/
NAA in CH group, and increase in NAA/
Cr in HC group. No changes were
observed in Cho/NAA.

Increased NAA/Cr ratios in dorsal pons
in patients with episodic migraine
(right, P = 0.014; left, P = 0.034)
relative to chronic migraine and
controls. NAA/Cr ratios in the dorsal
pons inversely correlated with
headache frequency (right, r = —
0.350, P = 0.004; left,r = — 0.284,P =
0.019) and intensity (right,r = —
0.286, P = 0.019; left,r = — 0.244,P =
0.045), but not disease duration.
Significant decrease of GABA + in PCC
(p = 0.015) for migraine patients
responding to levetiracetam treatment.
No differences between NAA/tCr and
Cho/tCr ratios between migraine
patients with and without depressive
disorder. Relative to patients without
major depressive disorder (MDD),
migraine patients with MDD had higher
ml/tCr ratios in the bilateral
dorsolateral prefrontal cortex (p =
0.02, left; p = 0.02, right, Mann-
Whitney U test). The mI/tCr ratios in
the right dorsolateral prefrontal cortex
were positively correlated with BDI
scores (r = 0.52, p = 0.003).
Statistically significant differences in
Mg?* among different groups of
subjects in the occipital lobes of
migraine patients with migraine stroke
(152 microM +/- 6) was significantly
(p < 0.05) lower than in controls (184
microM +/- 5) and in patients with
prolonged aura (156 microM =/-7; p <
0.05), with typical aura or basilar
migraine (159 micorM =/- 4; p < 0.05)
and without aura (169 microM +/- 6; p

2018 Gu, T., et al.

2012 Lai, T.H.,

et al.

2018  Li, Q.etal

2015 Lirng J. et al.

2001 Lodi, R., etal.
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Table 1 (continued)

Nuclei TR [ms]/

TE[ms]

Migraine
Phenotype*

Field
Strength
[T]

Number
of
Controls

Number of
Patients

Voxel Location

Sequence Software

Main Findings

Year Reference

31P juvenile M 5000/(N/

A)

1H MwA 1500/30

23Na M, tension 120/0.2

type

1H MwoA 1000/144

31P MwoA 5000/(N/

A)

1H CM, EM 1500/30

1H CM 2530/3

1.5

1.5

1.5

1.5

12

12

10

18

25

16

15

24 (12 migraine,
12 migraine with
tension
headache)

22

22

25 CM, 24 EM

16

occipital

cerebellum

CSF

bilateral thalamus

occipital cortex

bilateral medial walls of the brain

thalamus, ACC, PCC and mid
cingulate cortex

DRESS Gencap

PRESS JMRUI

3D GRE Osirix

PRESS Functool
software
provided by
the Advanted
windows of

General Electric

in house
software

DRESS

EPI LCModel

MRSI (EPI) LCModel

< 0.05). In patients with cluster
headache, brain free Mg>*

(166 microM +/- 5) was similar to
findings in patients with migraine
without aura and significantly (p <
0.05) lower than controls.

Reduced brain intracellular free Mg+
concentration (by 25 %) in patients
relative to controls.

Reduced Cho/NAA (p = 0.005) and
Cho/Cr (p = 0.003) in the patient group
with respect to the age-matched control
group. No significant differences in Cr/
NAA and mI/NAA or ml/Cr.
Significantly higher >>Na concentration
was observed in patients compared to
controls (p < 0.001). Increased Na
concentrations in CSF of migraine and
mixed migraine/TTH group relative to
control group (p = 0.007 and p <
0.001). A positive correlation was noted
between pain level and TSC in the CSF
(r = 0.62) in patients.

NAA/Cho and NAA/Cr ratios were
significantly decreased in patients
relative to controls (P = 0.003 and
0.027, respectively). The mean Cho/Cr,
MI/NAA and Lac/NAA ratios showed
no significant differences between
patients and controls (P = 0.83, 0.10,
and 0.09, respectively).

Significantly low PCr content in MwoA
compared to healthy controls (P <
0.001). Mean P was increased in
migraine group (not significant). ADP
was increased and PP was decreased in
the migraine group (p < 0.001)

In the right hemisphere of chronic
migraine patients, NAA reduction was
found for the ACC (F = 5.08, P = 0.009)
and the thalamus (F = 7.39, P = 0.001)
but not for the occipital cortex (F =
1.91, P = 0.155). Significant group
effects were found for tCr in the left
ACC (F = 3.406, P = 0.039) and the left
thalamus (F = 5.144; P = 0.008) and for
myo-inositol in the right ACC (F =
3.144, P = 0.050).

Reduced thalamic tNAA (left p = 0.005,
right p = 0.0008) and Cr (left p =
0.003), reduced ml in the anterior
cingulate cortex (left p = 0.004, right p
= 0.001). Elevated choline (p = 0.048)

1997 Lodi, R.,
et al.,

2003 Macri, M. et
al

2019 Meyer, M.M.,
et al

2013 Mohamed,
R.etal.

1994 Montagna,
P, etal.

2018 Niddam DM,
et al.

2020 Niddam DM,
et al.
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Table 1 (continued)

Nuclei

Migraine
Phenotype*

TR [ms]/
TE[ms]

Field
Strength

[T]

Number
of
Controls

Number of
Patients

Voxel Location

Sequence

Software

Main Findings

Year

Reference

1H

1H

31P

1H

1H

31P

1H

M, whiplash
headache,
low back pain

MwA, MwoA

MwoA

MwoA

MwoA

MwA

2000/68

2000/
(30-260)

1512/(N/
A)

4000/

(30-288)

2000/288

1550/2.37

1500/288

1.89

1.5

22

25

25

20

26

11

56 (20 migraine)

10

19

22

20

19

10

PCG

ACGC, left insula

frontal, frontotemporal, parieto-
occipital or occipital cortex

visual cortex

visual cortex

visual cortex

visual cortex

MEGA-PRESS

PRESS

PRESS

PRESS

PRESS

2D CSI

PRESS,
functional
MRSI

Gannet

LCModel

in house
software

JMRUI

jMRUI

syngo

not specified

and Glx (p = 0.006) in the right mid
cingulate cortex in both patient groups.
A negative association between ml
laterality index in the anterior cingulate
cortices and number of days per month
with acute medication use was found
across all patients.

Increased GABA —+ levels in the
posterior cingulate gyrus migraine and
low back pain participants relative to
controls (migraine 4.89 IU +/-0.62 vs
controls 4.62 IU +/-0.38, p = 0.02).
No significant metabolite differences
between the two subject cohorts in the
ACC and the insula using ANOVA.
Differences in NAAG and GLn between
subject cohorts were observed using
Linear discriminant analysis (LDA) in
the ACC and insula.

Statistically significant decrease in
brain Mg between migraine patients
and controls (p < 0.02).

No changes found in any metabolites in
patients without aura.

No significant differences in metabolate
ratios and absolute metabolite
concentrations, including Lac, between
MwoA patients and controls before
photic stimulation

Decreased PCr in MwoA patients (p =
0.001). Significantly lower ATP in
MwoA (p = 023).

Functional MRS. Higher visual cortex
Lac/NAA in migraine with aura (MwA)
compared with healthy volunteers (HV)
or migraine with aura with at least one
of the following comorbidities:
paraesthesia, paresis or dysphasia
(MwAplus) (p < 0.05 for MwA vs HVs,
P < 0.001 for MwA vs MwAplus). Lower
Lac/NAA in the MwAplus group
compared with healthy volunteers. No
differences in Lac/NAA before
stimulation between groups in non-
visual cortices. During visual
stimulation, the Lac/NAA in visual
cortices remained high in MwA
compared with the other groups also in
the resting state after stimulation (P <
0.01 for MwA vs MwAplus, P < 0.05 for
MwaA vs HVs). In MwA plus lactate
increased only during stimulation, only
in visual cortex; in MwA resting lactate

2021

2009

1989

2010

2011
(b)

2011
(@

2005

Peek, A.L.,
et al.

Prescot, A.,
etal.

Ramadan, N.,
et al.

Reyngoudt,
H., et al.
Reyngoudt,
H., et al.

Reyngoudt,
H., et al.

Sandor, P.S.,
et al.
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Table 1 (continued)

Nuclei

Migraine
Phenotype*

TR [ms]/
TE[ms]

Field
Strength
[T]

Number
of
Controls

Number of
Patients

Voxel Location

Sequence

Software

Main Findings

Year

Reference

1H

31P

1H

1H

31P

1H

1H

MwA, MwoA 2000/144

MwA 31P: 2500/
(N/A)
1H 1500/
135

MS, MwoA 1500/135

MwA 2000/37

MwA 2000/44

HM 5000/3.3

CM and
Cluster
Headache

1500/144

M, MwA 1500/270

2

1.5

1.5

1.5

10

16

14

10

16

21

44 (22 MwA,
22MwoA)

21

14

10

14

47 cluster
headache, 16 CM

visual cortex

cortical

lentiform nucleus

visual cortex

occipital and somatosensory
cortices

occipital

bilateral hypothalami

occipital

PRESS,
functional
MRSI

1H: PRESS
31P: FID

PRESS

PRESS

SPECIAL

DRESS

PRESS

SE sequence

not specified

JMRUI

JMRUI

Philips curve
fitting software

LCModel

Gencap

Functool
software
provided by
the Advanted
windows of
General Electric

not specified

was high in visual cortex, without
further increase during stimulation.
Decrease of NAA (-14.61 %) following
photic stimulation in patients with
migraine with aura realative to
migraine patients without aura and
control subjects accompanied by a
slight increase in lactate. No differences
observed in Cr and Cho signals between
groups.

Decreased PCr/Pi (p < 0.003) in
patients with hemiplegic migraine. No
differences noted in metabolites
measured by 1H.

Patients with persistent aura without
infarction had lower PCr/Pi ratios
(mean = 1.61, SD = 0.10) compared
with controls (1.94,0.35, P = 0.011)
and with patients with migrainous
stroke (1.96,0.16, P = 0.0001). The
differences were present in cortical
tissue only. In migrainous stroke
patients, no significant differences were
found in the metabolite ratios from
those of controls without migraine.
Significantly higher (Glx/Cr) reported
in migraineurs relative to healthy
controls (p = 0.036).The baseline
values for the NAA/Cr ratio and of Cr
did not differ between groups for both
sessions and for both baseline
recordings.

No differences GABA/Cr in the occipital
lobes of 14 migraine with aura patients
relative to 16 matched healthy controls
(p = 0.744). Similarly, no difference for
the same two groups in the
somatosensory cortex (p = 0.305).
Reduced PCr and high ADP in occipital
regions. Also reportred was a decreased
phosphorylation potential in HM.
Significant reduction in 'H-MRS
metabolite ratios (NAA/Cr and Cho/Cr)
in the hypothalamus in patients with
episodic cluster headache compared to
controls and CM (NAA/Cr p < 0.001,
Cho/Cr p = 0.006). No change in
metabolite ratios in CM compared to
HC.

High lactate levels in 5 patients with
migraine attacks within 2 months. The
patient with no migraine attack history

2005

2007

2009

2012

2019

1995

2006

1996

Sarchielli, P.,
et al

Schulz, U.G.,
et al.

Schulz, U.G.,
et al.

Siniatchkin
M, et al.

Staermose, T.
G., et al.

Uncini, A.,
et al.

Wang, S.J.,
et al.

Watanabe,
H., et al.,
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Table 1 (continued)

Nuclei

Migraine
Phenotype*

TR [ms]/
TE[ms]

Field
Strength
[T]

Number
of
Controls

Number of
Patients

Voxel Location

Sequence

Software

Main Findings

Year

Reference

31P

31P

1H

1H

1H

1H

1H

Migraine Like
Headache

MwoA

MwoA

MwoA

HM

1512/(N/
A)
1512/(N/
A)

3000/38

3000/38.3

3000/38.3

2000/35

2000/21

1.89

7

12

12

N/A

N/A

16

13

19

27

27

17

26

33

19 MwoA (6 woA
during attack, 13
during interictal
period)

18

right or left frontal, fronto temporal,
parieto occipital and occipital
right or left frontal, fronto temporal,
parieto occipital and occipital

brainstem, thalamus

pons

pons

occipital cortex

pons, hypothalamus, cerebellum

and visual cortex

FID

not specified

PRESS

PRESS

PRESS

PRESS

STEAM

not specified

not specified

LCModel

LCModel

LCModel

LCModel

LCModel

for previous 4 years did not have a Lac
peak.

No changes in pH; were measured
during a migraine attack.

Compared with normal subjects, a
lower mean PCr/Pi ratio was observed
in patients studied during a migraine
attack. Reduction in mean PCr/TP ratio
and increase in mean Pi/TP ratio (all p
values < 0.05). No change in brain pHi
was reported during or between
attacks. Disordered nergy phosphate
metabolism was reported during a
migraine attack.

In migraine subjects, increase in Glu in
brainstem was reported after sildenafil
administration (5.6 %, P = 0.039)
compared to placebo injection. No
changes in GLU, LAC or NAA in
thalamus.

Increased pontine tCr (3.5 %, p =
0.041) and tNAA levels (3.5 %, p =
0.014). No change in pontine GLU (p =
0.873) or Lac (p = 0.099).

No altered interictal pontine NAA, Glx
or lactate levels were found in
migraine. Increases of tCr (9 %,p =
0.009) were reported suggestive of
altered pontine energy metabolism.
Reduced GSH/tCr in patients without
aura during attack was found relative to
patients with aura during interictal
period (MWoA-DI) and HC (p = 0.008
and p = 0.011). MWoA-DI patients
showed lower tCho/tCr than those in
the other two groups (p = 0.031 and p
= 0.022). The GSH/tCr ratio was
positively correlated with attack
frequency in the MWoA-DI group. The
tCho/tCr ratio was positively correlated
with attack frequency and Migraine
Disability Assessment Scale (MIDAS)
scores in the MWoA-DA group. There
were no statistical differences in tCho/
tCr between the MWoA-DA and HC
groups. There were no statistical
differences in NAA/tCr, ml/tCr, and
Glu/tCr among the three groups (all p
> 0.05).

Decreased NAA/Cr in cerebellum
(median 0.73, range 0.59-1.03)
compared to healthy controls (median
0.79, range (0.67-0.95); p = 0.02)

1988

1989

2018

2021a

2021b

2021

2014

Welch, K.M.,
et al.
Welch, K.M.,
et al.

Younis, S.,
et al.

Younis, S.,

et al.

Younis, S.,
etal.

Zhang,L.,
et al.

Zielman, R.,
et al.
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Table 1 (continued)

S. Nikolova and T.J. Schwedt Neurobiology of Pain 12 (2022) 100102
Discussion

Summary of results from migraine studies

Zielman, R.,

Reference
Zielman, R.,
et al.

et al.

MRS studies reported varying levels of NAA in migraine. In this re-
view, compared to controls, 24 studies reported no difference, 13 re-
ported lower NAA, and 3 reported higher NAA levels. NAA is one of the
most abundant metabolites in the brain. It has contributions of N-Acetyl
aspartyl glutamate (NAAG), glycoproteins, and amino acids. NAA is
primarily of neuronal origin and is considered a maker of neuronal
density and integrity. Its reduction signifies neuronal loss or dysfunc-
tion. Decreased NAA was reported in the occipital lobes of MwoA pa-
tients relative to healthy controls (Sarchielli et al., 2005, Dehghan et al.,
2020) and in the cerebellum in patients with hemiplegic migraine
(Dichgans et al., 2005, Zielman et al., 2014), perhaps indicating reduced
neuronal viability in these migraine populations. Reduction of NAA/Cho
was observed in the left thalamus of a migraine cohort, suggestive of
neuronal damage of left thalamic neurons. Reduced tNAA has been
found in the anterior cingulate cortex and thalamus of chronic migraine
patients compared to healthy controls and those with episodic migraine
(Mohamed 2013, Niddam et al., 2018, Niddam et al., 2020). These re-
gions in which reduced NAA has been identified have also been impli-
cated as part of migraine pathophysiology in other imaging studies. The
anterior cingulate cortex is commonly implicated in migraine and pain
pathophysiology and is thought to participate in the affective compo-
nents of pain processing (Fuchs et al., 2014). Most studies demonstrating
abnormal structure of the anterior cingulate cortex in migraine
demonstrate less volume or thickness of this region, sometimes the
extent to which correlates with headache frequency. MRS studies
demonstrating reduced NAA in the anterior cingulate cortex could
suggest that the reduced volume and cortical thickness are at least
partially due to neuronal loss. Abnormal structure and function of the
cerebellum is another common finding in migraine studies, including
being strongly implicated in hemiplegic migraine and related genetic
diseases (Vincent and Hadjikhani 2007, Kim et al., 2008, Schmidt-
Wilcke et al., 2008, Valfre et al., 2008, Barros et al., 2013, Jin et al.,
2013, Hougaard et al., 2016). The thalamus and altered thalamocortical
connectivity have been suggested to play roles in multiple aspects of
migraine, including pain processing, pain modulation, allodynia,
photosensitivity, and multisensory integration (Tu et al., 2019, Younis
et al., 2019). Several studies have demonstrated abnormal thalamic
structure and function in those with migraine (Xue et al., 2013, Magon
et al., 2015, Coppola et al., 2016, Wang et al., 2016, Wei et al., 2019).
Combined MRS and structural imaging studies might be useful for un-
derstanding the pathology underlying structural changes associated
with migraine. For example, reduced NAA measures in brain regions
that also demonstrate loss of cortical thickness or volume could suggest
that the structural changes are at least partially due to neuronal loss or
dysfunction.

In this review, 12 studies reported no changes in Lac, while four
showed an increase in Lac levels in the visual cortices of migraine pa-
tients. Lac is an end-product of anaerobic glycolysis. As a marker of
anaerobic metabolism, it is not present in high enough quantities to be
detected in spectra derived from healthy brain tissue. Increases of Lac
are observed in necrotic areas, in the presence of various infections,
hypoxia, stroke, and with some mitochondrial diseases. Increased Lac
levels have been demonstrated in those with vestibular migraine
(ElSherif et al., 2020) and in the visual cortices of migraine subjects as a
result of visual stimulation (Watanabe et al., 1996, Montagna et al.,
2000, Sandor et al., 2005, Arngrim et al., 2016). Increased Lac was
shown to accompany hypoxia induced migraine in the visual cortical
areas of migraine subjects (Arngrim et al., 2016). Increased Lac in those
with migraine could relate to migraine-associated mitochondrial
dysfunction, the cerebral hypoperfusion associated with cortical
spreading depolarization and the resulting migraine aura.

Another metabolite difficult to quantify with conventional MRS is

Year
2016
2017

0.003). 2-Hydroxyiso-

valerate levels were significantly lower
for hemiplegic migraine (5 mM +/-1.4)

0.003). Cho was significantly lower

in both migraine with and without

aura.
(7.02 + 0.50 mM) compared to healthy

Increased Glu levels reported in visual
controls (6.40 &+ 0.78 mM, P = 0.042)

compared to controls (7 mM +/- 2.1, p
cortices of migrainers without aura

2-Hydroxybutyrate was significantly
lower for hemiplegic migraine (23
mM-+/-9.2) compared to controls (29

Main Findings
mM+/-12, p

Software
in house
software
LCModel

semi-LASER,
diffusion
weigted

Sequence
NOESY
PRESS

Voxel Location
visual cortex

CSF

38 MwaA, 27
MwoA, 18 HM
50 (23 MwA, 27
MwoA)

Number of
Patients

Number
of
Controls
43

2

Field
Strength
[T]

7

7

TR [ms]/

TE[ms]
4000/10
5000/30

MwA, MwoA,

HM
MwA, MwoA

Migraine
Phenotype*

Nuclei
H
H

Point Resolved Spectroscopy (PRESS), Depth Resolved Surface Coil Spectroscopy (DRESS), Free induction Decay (FID), Stimulated Echo Acquisition Mode (STEAM),Localization by adiabatic selective refocussing (LASER),

Nuclear Overhauser Effect Spectroscopy(NOESY) Grey Matter (GM), White Matter(WM) Cerebrospinal fluid (CSF).

Not applicable (N/A).
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[ Identification of ies via and regist ] { Identification of studies via other methods ]
—
5 Records identified from:
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g Web of Science (n=571)
— l
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J
Fig. 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and other sources.
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Fig. 2. Summary of main findings from all studies. Abbreviations are as follows: M = Migraine, CM = chronic migraine, EM = episodic migraine, MS = migrainous
stroke, MWA = Migraine with aura, MwoA = Migraine without aura, VM = visual migraine, HM = hemiplegic migraine, PCC = posterior cingulate cortex, PCG =
posterior cingulate gyrus, ACC = anterior cingulate cortex, NAA = N-Acetyl Aspartate, GIx = Glutamate and Glutamine complex, Lac = Lactate, Cr = Creatine, Pcr =
Phosphocreatine, tCr = total Creatine, Cho = Choline, tCho = Choline + Phosphocholine, mI = Myo-inositol. Plus signs (+) indicate increases were reported,
Negative signs (-) represent reported decreases, and X means no change was reported. Blank squares indicate that metabolite was not investigated in the study.
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glutamate (Glu). Glu and Glutamine (Gln) are neurotransmitters com-
partmentalized in neurons and glia. Glutamate is the primary excitatory
neurotransmitter in the brain, with a vital role in normal brain function,
memory and learning, and mood and anxiety disorders (Hasler et al.,
2019). Glu and GIn have similar metabolic structures and have similar,
hard to resolve spectra. Isolating Glu from Gln is difficult with standard
MRS techniques. Combined Glu and Gln values referred to as Glx are
typically reported but the combined results are much more difficult to
interpret. The majority of migraine studies (18), studying different ROIs,
reported no change in Glu/Glx levels in migraine. Overall, migraine
studies reported conflicting information including increases in occipital,
thalamic, PCC, MCC and ACC Glx levels (Siniatchkin et al., 2012, Gon-
zalez de la Aleja et al., 2013, Fayed et al., 2014, Bridge et al., 2015,
Zielman et al., 2017, Bathel et al., 2018, Younis et al., 2018, Niddam
et al., 2020, Bell et al., 2021), occipital and cerebellar decreases in Glx
(Dichgans et al., 2005, Chan et al., 2019, Bell et al., 2021), or no changes
in occipital or anterior cingulate Glx (Watanabe et al., 1996, Sandor
et al., 2005, Sarchielli et al., 2005, Bigal et al., 2008, Prescot et al., 2009,
Reyngoudt et al., 2010, Reyngoudt et al., 2011b, Aradi et al., 2013,
Zielman et al., 2014, Bridge et al., 2015, Erdelyi-Botor et al., 2015,
Arngrim et al., 2016, Becerra et al., 2016, Zielman et al., 2017, Bathel
et al., 2018, Niddam et al., 2018, Dehghan et al., 2020, ElSherif et al.,
2020, Niddam et al., 2020, Bell et al., 2021, Zhang et al., 2021). Results
are variable probably due to the difficulty of resolving the Glu-GIn peak
at low magnetic fields.

GABA is the main inhibitory neurotransmitter in the brain. GABA can
be measured by using specialized 'H spectral editing techniques using
sequences such as MEGA-PRESS that filter the GABA signal based on J-
coupling of the molecule. Altered GABA concentrations and GABA-Glu
ratios could lead to an imbalance of inhibitory-excitatory process in
the migraine brain.

There are discrepancies in the reports of GABA levels in the reported
migraine studies. Increases in GABA were found in two studies in the
PCC and PCG (Aguila et al., 2015), (Peek et al., 2021). Such increases
have also been reported in non-migraine chronic pain conditions;
therefore, they might not be attributable specifically to migraine (Enna
and McCarson 2006). Decreased occipital and ACC levels of GABA were
reported in two studies, indicative of reduction of inhibitory mecha-
nisms (Bigal et al., 2008, Bridge et al., 2015, Li et al., 2018). No changes
in GABA levels of migraine subjects in occipital, thalamic, ACC and
sensorimotor regions were reported by eight studies (Bigal et al., 2008,
Becerra et al., 2016, Bathel et al., 2018, Li et al., 2018, Chan et al., 2019,
Staermose et al., 2019, Bell et al., 2021, Peek et al., 2021). Similar to
other MRS-measured metabolites, GABA levels might be highly depen-
dent on the timing of measurement in relation to the most recent
migraine attack, overall headache frequency, and timing of the most
recent aura event.

In MRS studies, there is insufficient signal-to-noise to resolve the Cr
and PCr peaks, hence, combined values of Cr and PCr are most often
reported. The combined Cr + PCr, referred to as total creatine or tCr in
'H-MRS studies, provides information about intracellular energetics. In
this review, 24 migraine studies showed no changes in tCr levels, sug-
gesting intact brain energy metabolism. Of the ones that showed
changes, 2 reported increases in the pons (Younis et al., 2021a; Younis
et al., 2021b), 2 reported decreases in white matter (Aradi et al., 2013,
Erdelyi-Botor et al., 2015), and one reported decrease in thalamic re-
gions in migraine (Niddam et al., 2020). Although most of the studies
demonstrated no differences in tCr in those with migraine, discrepancies
that were reported are likely due to the difficulty in resolving the Cr and
PCr peaks with conventional MRS. Discrepancies for Cr are particularly
concerning since Cr is typically used as an internal reference standard
for reporting metabolite ratios. If its measurement is not precise, there is
uncertainty about results that use Cr as a reference standard.

Multinuclear imaging studies predominantly investigated phospho-
rous. Phosphorus MRS allows for in-vivo measurements of energy
metabolism. Commonly reported metabolites in phosphorous MRS
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studies are levels of phosphorus (P), phosphocreatine (PCr), inorganic
phosphate (Pi), adenosine diphosphate (ADP), adenosine triphosphate
(ATP), and phosphorylation potential (PP). The most consistent results
of the 3!P studies in migraine were decreased levels of occipital PCr
(Welch et al., 1988, Barbiroli et al., 1990, Barbiroli et al., 1992, Mon-
tagna et al., 1994, Uncini et al., 1995), as well as increased ADP in
migraine patients with and without aura with respect to controls (Bar-
biroli et al., 1990, Barbiroli et al., 1992) and decreased PCr/P in
migraine patients with persistent aura and in patients with hemiplegic
migraine (Schulz et al., 2007, Schulz et al., 2009). Low concentrations of
PCr/P could signify low availability of free energy in the cells. Increased
ADP is indicative of higher metabolic function or low energy reserves.
Studies demonstrating disrupted and unstable energy metabolism be-
tween migraine attacks (i.e. during the interictal phase) could suggest
that an altered brain metabolic state contributes to migraine suscepti-
bility and the initiation of migraine attacks (Montagna et al., 1994,
Uncini et al., 1995, Lodi et al., 2001). In addition, studies showed a
reduction of phosphorylation potential (Barbiroli et al., 1990, Montagna
et al., 1994, Lodi et al., 1997, Reyngoudt et al., 2011a). These abnor-
malities could indicate enhanced brain excitability or the presence of
mitochondrial dysfunction. In addition to MRS findings, there are
several lines of evidence that suggest the presence of mitochondrial
dysfunction in migraine: a) higher migraine frequency in females; b)
maternal inheritance of migraine; c) high prevalence of migraine
amongst those with mitochondrial diseases; d) triggering of migraine
attacks by conditions that impact energetics, such as stress, missed
meals, and physical exercise; and e) migraine preventive effect of ribo-
flavin and coenzyme Q10 (Vollono et al., 2018, Fila et al., 2019, Tiehuis
etal., 2020, Terrin et al., 2022). An additional factor that can contribute
to this dysfunction is reduced levels of Mg. Decreased levels of magne-
sium have been linked to several components of the migraine attack
including the induction of cortical spreading depression and inappro-
priate modulation of nociceptive signals (Domitrz and Cegielska 2022).
Several studies have reported low brain Mg?* in migraine populations
with and without aura (Lodi et al., 1997, Lodi et al., 2001, Ramadan
et al., 1989, Boska et al., 2002), and low magnesium serum levels have
been associated with increased risk of developing migraine attacks
(Assarzadegan et al., 2016).

Functional MRS studies examine metabolic changes nearly in real-
time (i.e. time scale on the order of seconds). The mechanisms and
temporal dynamics of the regulation of these metabolites are not well
understood within the context of migraine. Functional phosphorus MRS
studies have shown reductions in PCr and ATP in the occipital lobes of
interictal migraine without aura subjects reflective of altered cortical
energy metabolism (Reyngoudt et al., 2011a). No abnormalities were
found in Cho, Glu, Lac or NAA in the visual cortex after visual stimu-
lation in migraine without aura subjects, providing evidence that there
is not a switch to non-aerobic glucose metabolism in response to photic
stimulation (Reyngoudt et al., 2011b).

The reviewed MRS studies of migraine reported different and often
conflicting information. The varied results might be attributable to the
use of different MRS methods, as well as the heterogeneous migraine
populations studied, including patient use of medications, the migraine
subtypes of studied patients (e.g. migraine with aura, migraine without
aura, hemiplegic migraine), frequency of headaches and migraine at-
tacks (e.g. episodic migraine, chronic migraine), whether acquisition
occurred during migraine attacks or interictally, and the amount of time
that had passed since the end of the prior migraine attack and until the
next attack (if studied interictally). Other considerations when inter-
preting MRS results include field strength, MRS sequences used, quality
of data, region of interest (ROI) selection and variability, post processing
methods, and how the metabolite concentrations are presented. All of
these factors can impact the reported results and their interpretation.
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Field strength

The studies reported in this review were performed at different field
strengths. The signal to noise ratio and spectral resolution are dependent
on the magnetic field strength and effect metabolite detectability and
estimation. Higher magnetic fields provide better resolved spectra and
improved detection of individual peaks. For example, at 1.5 T there is an
overlap between Glu, Gln, and GABA. At higher magnetic fields, Glx can
be resolved and Glu and Gln can be studied independently.

MRS sequences used

The choice and availability of MRS sequences are dependent on the
scanner and support at each imaging site. The list of sequences used in
each report is included in Table 1. Additional factors such as echo time
and repetition time are also of interest for the quality of detectable
metabolites.

New sequences are frequently developed and work in progress se-
quences are available to be used for investigational purposes. Avail-
ability of specialized imaging sequences such as MEGA-PRESS is of
particular importance for measuring GABA. Changes of GABA have not
been widely reproduced, possibly due to the limited availability of the
specialized sequences and post-processing expertise.

Quality of data

The quality of the data in MRS studies is either presented as the
linewidth of the water peak, or as Cramer-Rao Lower bounds (CRLB) of
the metabolite estimations. Inferring quality from the standard devia-
tion of group averages is not recommended. To confound matters,
different post-processing techniques often use different terminology to
report quality of estimated fits, which makes them difficult to compare.
The exclusion criteria varied between studies for a threshold of CRLB
and many studies were unable to detect various metabolites. For
example, Lac was not reported in most studies. Of the 43 1H MRS
studies, only 16 reported Lac.

Presentation of metabolic concentrations

The two standard formats for reporting of results are as ratios or
concentrations. Reporting results as ratios requires the selection of a
reference metabolite to be used as the denominator (commonly tCr) and
is the simplest since it requires no additional measurements. However,
this approach is inherently unable to independently measure a single
metabolite. Absolute concentration measurements require an additional
measurement to be used as a reference. The most common approach is to
re-acquire the signal from unsuppressed water in the voxels in-vivo. This
approach is further refined by decomposing the tissue in the voxel (using
an anatomical image) into grey matter, white matter, and CSF to
improve correction factors. A less common practice involves replacing
the patient with a container of a known mixture to create an ex-vivo
reference.

Region of interest location and voxel placement

The voxel size and location are limiting factors in many single voxel
MRS studies. With the most commonly used imaging equipment, regions
closer to the surface (e.g. cortical regions) have greater spectral quality
than deep brain structures (pons, midbrain, thalamus. Deeper structures
require more acquisition time which limits the number of ROI mea-
surements that can be fit into an imaging session. Further challenges
with single voxel-MRS can be encountered when encompassing the ROI
in a single voxel while avoiding CSF. This presents two types of possible
errors where either 1) the voxel is too large and additional regions are
introduced into the measurement, or 2) the voxel is too small, and
portions of the ROI are excluded from the measurement. ROI placement
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may present issues in reproducibility. A recommended practice for sin-
gle voxel spectroscopy is to report the percent of the target ROI
measured and the percent of the ROI that is the intended target as
assessed by a volumetric atlas for reference.

Most of the studies in this review were single voxel spectroscopy
studies. The use of single voxels allows for investigation of metabolites
within specific rectangular ROIs. This approach does not typically reflect
actual underlying brain anatomy and it omits the rest of the brain. Ad-
vances in 2D chemical shift imaging and 3D MRS imaging may avoid
these limitations. 3D MRS is still in development and may prove to be
useful in examining the whole brain instead of only targeted ROIs.

Post processing methods

There are many different post processing procedures that utilize
various software in different stages of validation. There are numerous
algorithms used to estimate metabolite concentrations (e.g. Gannet,
LCModel, Tarquin, Midas, FSL-MRS, MRI scanner), which complicates
inter-study comparisons (Table 1).

There are considerable technical variations in the acquisition and
processing of data amongst MRS studies of migraine. Future research
would benefit from more consistent and robust approaches to reporting
negative results, absolute spectral quantification instead of presenting
results as ratios, whole brain MRS instead of single voxel, and a shared
database for retrospective studies.

There are considerable technical variations in the acquisition and
processing of data amongst MRS studies of migraine. Despite these and
other sources of variability, there were a few brain regions that were
commonly demonstrated to have atypical metabolite concentrations,
including the occipital lobes, thalamic nuclei, cerebellum and cingulate.
Numerous MRS studies support the hypothesis that there is impaired
energetics and mitochondrial dysfunction in migraine. Although results
regarding GABA and Glu are less consistent, MRS studies suggest there
might be an imbalance of these important inhibitory and excitatory
neurotransmitters in the migraine brain. To better understand migraine
pathophysiology, future research would benefit from more consistent
and robust approaches and optimized MRS techniques.
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