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Abnormal metabolites in the dorsolateral prefrontal cortex of 
female epilepsy patients with migraine without aura
Liping Wanga,b, Huaxia Pua,b, Jingyuan Zhouc, Wenyu Liud, Shujiang Zhangd, 
Qiaoyue Tana, Xinyue Wana, Weina Wanga, Dong Zhoud, Qiang Yuee and 
Qiyong Gongf

Epilepsy and migraine without aura (MWoA) are often 
comorbid, but the exact mechanisms are unclear. 
Magnetic resonance spectroscopy (1H-MRS) may help 
to understand the neurometabolic mechanisms in 
patients with epilepsy comorbid with MWoA (EWM). In 
this prospective cross-sectional study, we recruited 64 
female patients, including 24 with EWM, 20 with epilepsy, 
and 20 with MWoA, as well as 20 age-level-matched and 
educational-level-matched female healthy controls from 
our hospital between August 2021 and November 2022. 
A single-voxel point-resolved spectroscopy sequence 
was used to acquire spectra of the bilateral dorsolateral 
prefrontal cortices (DLPFCs). Metabolites were quantified 
by linear combination model software, and the values were 
corrected for the partial volume effect of cerebrospinal 
fluid. MRS data comparisons were performed with 
multivariate analyses of variance. Correlation analyses 
were calculated between metabolites and main clinical 
data. The results showed that N-acetyl aspartate (NAA) 
was  asymmetrical between the bilateral DLPFCs. Both 
NAA and myoinositol were significantly reduced in EWM 
than in healthy controls. Choline-containing compounds 
(Cho) were higher in MWoA than in the other three groups. 
Correlation analyses revealed that NAA of the right DLPFC 
and Cho of the bilateral DLPFCs in EWM were negatively 

related to migraine frequency. In addition, glutamate and 
glutamine (Glu and Gln, Glx) of the right DLPFC in EWM 
were  negatively correlated with migraine severity. Our 
findings suggested that comorbid epilepsy and MWoA 
in female patients can lead to a synergistic reduction of 
both NAA and myoinositol, reflecting more serious injuries 
of neurons and glial cells.  NeuroReport 35: 1155–1162 
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Introduction
Epilepsy is a condition characterized by sudden, short-
lived, and repetitive brain malfunctions due to abnormal 
discharge of brain neuron activity [1]. It can last for years 
or decades, and prolonged seizures are often accompa-
nied by many comorbidities [1,2]. Migraine, one of the 
most common comorbidities, is a chronic neurovascular 
disorder characterized by unilateral or bilateral episodic 
headaches [3,4]. Although epilepsy and migraine are two 
heterogeneous diseases, they are both recurrent, tran-
sient, and paroxysmal chronic neurological disorders that 
often occur simultaneously or successively in the same 
patient and have certain correlations in epidemiology, 

clinical characteristics, pathogenetic mechanisms, and 
treatments [3,5–7]. Patients with epilepsy comorbid 
with migraine were more likely to have symptoms such 
as depression and anxiety than those without migraine 
[8], which further increases the disease burden. Migraine 
includes two main clinical subtypes: migraine with aura 
(MWA) and migraine without aura (MWoA) [9]. Of these, 
MWoA is more common [9], and when comorbid with 
epilepsy, it is easily misdiagnosed because of the absence 
of aura symptoms. However, the specific mechanisms of 
epilepsy comorbid with MWoA (EWM) remain unclear. 
Therefore, it is necessary to explore the mechanisms of 
EWM.

To date, with the help of neuroimaging methods, a few 
structural and functional abnormalities in epilepsy comor-
bid with migraine have been reported [10,11]. For exam-
ple, structural impairments in the white matter tracts 
of the brain stem, uncinate fasciculus, and fornix may 

This is an open-access article distributed under the terms of the Creative 
Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-
NC-ND), where it is permissible to download and share the work provided it is 
properly cited. The work cannot be changed in any way or used commercially 
without permission from the journal.

mailto:scu_yq@163.com
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


1156  NeuroReport   2024, Vol 35 No 18

contribute to migraine attacks following epileptic seizures 
[10]. A functional study revealed that dysfunction of the 
periaqueductal gray is closely associated with epilepsy 
comorbid with migraine [11]. However, migraine types 
in these two studies were mixed, and there have been no 
studies of brain metabolites in vivo in patients with both 
epilepsy and MWoA. Magnetic resonance spectroscopy 
(1H-MRS) is a noninvasive technique that can quantify 
metabolites in specific brain regions in vivo and detect 
subtle neurodegenerative changes that are not visible 
in regular MRI scans [12]. The application of 1H-MRS 
may help us to better understand the neurobiochemical 
mechanisms of EWM. The dorsolateral prefrontal cortex 
(DLPFC) plays an important role in cognition, affection, 
and other functions [13]. It is involved in cognitive and 
affective processes in response to painful stimuli and pro-
vides active control of pain perception through top-down 
modulation [14]. In addition, seizures that originate from 
epileptic foci may spread and affect the DLPFC [15–17]. 
Several studies have revealed abnormal changes in the 
DLPFC in patients with epilepsy, such as metabolite 
changes [16,17] or abnormal functional connectivity [15]. 
There is nearly no sex predominance in patients with epi-
lepsy, whereas female patients make up more than 75% 
of migraineurs [18]. Thus, to eliminate sex predominance 
in migraineurs, we mainly focused on female patients in 
this study.

Therefore, we hypothesized that female patients with 
epilepsy and with MWoA may cause metabolic altera-
tions in the bilateral DLPFCs, and when they are comor-
bid, there may be an interaction effect in the metabolite 
changes. In this study, our goal was to investigate poten-
tial metabolic alterations in the bilateral DLPFCs of 
female epilepsy patients with MWoA (referred to as 
EWM) by using 1H-MRS. We expected that this study 
would offer additional insights into the underlying mech-
anisms of the comorbidity between epilepsy and MWoA 
from the perspective of neurobiochemistry.

Materials and methods
Participants
From August 2021 to November 2022, a total of 64 
patients, including 20 with MWoA, 20 with epilepsy, and 
24 patients with epilepsy and MWoA (EWM) were con-
secutively included in the 3.0 T 1H-MRS research con-
ducted by expert neurologists at the Epilepsy Center of 
West China Hospital. Moreover, 20 age-level-matched 
and educational-level-matched healthy controls were 
also enrolled with the same protocol. The diagnosis of 
epilepsy relied mainly on the symptoms of epilepsy with 
or without EEG findings as per the International League 
Against Epilepsy Classification and Terminology (ILAE 
2017) [19]. The diagnosis of MWoA was based on the 
criteria of the International Classification of Headache 
Disorders (ICHD 3) [9]. The diagnosis of EWM was 
based on a combination of ILAE 2017 and ICHD 3, and 

symptoms of migraine in EWM appeared after the diag-
nosis of epilepsy. Subjects were excluded if they had pos-
itive brain MRI results, were under 18 or over 60 years 
old, had a history of other organic or neuropsychiatric dis-
eases, had other types of headaches or had MRI contrain-
dications like inability to cooperate or claustrophobia. 
Migraine types in EWM and MWoA are all MWoA. All 
participants were female and right-handed. All patients 
were scanned in the interictal period of diseases and 
stopped taking any medication for 72 h before the scan.

We also collected demographic and clinical data, includ-
ing the age and education level of all subjects. The disease 
duration, attack frequency, and other characteristics of all 
patients were collected. Patients with EWM and MWoA 
also completed the Visual Analog Scale (VAS, with zero 
being no pain and 10 being the most intense pain imag-
inable) and the Headache Impact Test (HIT-90) to eval-
uate the severity and impact of migraine, respectively. 
The research was authorized by the Biomedical Research 
Ethics Committee of Huaxi Hospital and adhered to the 
guidelines of the Declaration of Helsinki (2013 edition). 
Each participant understood the experiment and signed 
the written consent. Before the scan, all participants 
provided written informed consent to participate in this 
study.

Image acquisition
All subjects underwent MRS scans using the Siemens Tim 
Trio 3.0 T scanner from Siemens Healthcare in Erlangen, 
Germany, which was outfitted with eight-channel phased 
array head coils. During scanning, we eliminated noise by 
using muted earplugs and reduced head motion by using 
sponge cushions. We used a magnetization-prepared rapid 
gradient echo in the first high-resolution T1-weighted 
sagittal imaging sequence, with the following settings: 
repetition time/echo time = 2250/2.6 ms, flip angle = 9°, 
slice thickness=1 mm, field of view = 256 × 256 mm2, 
matrix size = 256 × 256, and a total of 192 continuous sag-
ittal slices. In the process of MRS localization, we gen-
erated three-dimensional perspectives of the volumes 
of interest (VOIs) by reconstructing axial and coronal 
images.

The single-voxel proton MRS acquisition was performed 
using a point-resolved spectroscopy sequence (PRESS), 
with a repetition time/echo time of 2000/30 ms, a band-
width of 1200 Hz, and 128 averages. Yue Q, an expert 
radiologist, positioned VOIs in the regions of the bilat-
eral DLPFCs containing the most gray matter and 
the least white matter. Each VOI had a fixed size of 
40 × 15 × 20 mm3 (anterior-posterior × right-left × head-
foot), and the locations of the VOI is shown in Fig. 1. The 
presaturation bands are placed around VOIs to prevent 
outside signals from interfering with the VOIs. There 
were two types of spectral data acquired, one with and one 
without water suppression. Before the implementation 
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of the PRESS module, water suppression was achieved 
using three-chemical shift-selective pulses. The inter-
nal reference used to quantify absolute metabolites 
and correct for eddy currents was the unsuppressed tis-
sue water signal. By implementing fastmap shimming, 
we were able to reduce the line width and improve the  
signal-to-noise ratio (SNR). The overall duration of the 
scan was around 16 min. All subjects were MRI negative. 
For any uncertainties, more sequences (such as T2 and 
T2_FLAIR) were performed to confirm that all partici-
pants had normal MRI findings.

Magnetic resonance spectroscopy data processing
The raw MRS spectral data was analyzed with a lin-
ear combination model (LCModel, Version 6.3-1H, 
Provencher SW, http://s-provencher.com/lcmodel.shtml), 
which enables the automatic determination of metabolite 
concentrations in living organisms. Metabolites typically 
consist of N-acetyl aspartate (NAA), choline-containing 
compounds (Cho), creatine and phosphocreatine (Cr), 
myoinositol, and glutamate and glutamine (Glu and Gln, 
Glx). The unit of final metabolite concentrations was 

mmol/kg wet weight. Statistical analysis was conducted 
on only the data that met the following criteria: SNR ≥ 10, 
full width at half maximum ≤ 0.08 ppm, and Cramer–Rao 
lower bounds ≤ 15%.

To eliminate the partial volume effect of cerebrospinal 
fluid (CSF) in the VOIs, the T1-weighted images of each 
subject were automatically segmented into gray matter, 
white matter, and CSF using Advanced Normalization 
Tools (ANTs, http://www.picsl.upenn.edu/ANTS/). 
Finally, we calculated the proportion of CSF in the VOIs 
by covering each voxel in the segmented T1-weighted 
images according to its location. The formula 
Ccorrected = Craw × [Vtotal/(Vtotal − VCSF)] was utilized to 
calculate ultimate metabolite levels adjusted for CSF 
volume [17], with Craw representing the initial estimate 
of the metabolite concentration, while Vtotal and VCSF rep-
resent the overall volume and the volume of CSF in the 
whole voxel, respectively.

Statistical analysis
SPSS 26 was utilized for all statistical analyses. All histo-
grams and graphs were generated with GraphPad Prism 

Fig. 1

(a) Metabolite concentration (Ins, myoinositol; Cho, choline-containing compounds; Cr, creatine and phosphocreatine; Glx, glutamate and glutamine; 
NAA, N-acetyl aspartate) estimated by LCmodel. (b), (c) and (d), respectively, correspond to the axial, coronal, and sagittal views of reference 
images, and white boxes represent the locations of the volumes of interest (VOIs) in the bilateral dorsolateral prefrontal cortices (DLPFCs).

http://s-provencher.com/lcmodel.shtml
http://www.picsl.upenn.edu/ANTS/
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7.0 (GraphPad Software, La Jolla, California, USA). The 
normal distribution of the data was assessed with the 
Shapiro–Wilk test. In terms of clinical data comparisons, 
differences in age and education level among the four 
groups were assessed by one-way analysis of variance. 
The disease duration and frequency between EWM and 
epilepsy or MWoA were compared by independent sam-
ple t-test. The VAS and HIT-90 scores between EWM 
and MWoA were assessed by independent sample t-test. 
The rest were tested by a chi-square test. For MRS data 
comparisons, we performed a multivariate analysis of 
variance (MANOVA) for four groups (MWoA, epilepsy, 
EWM, healthy controls), two locations (left and right 
DLPFCs), and five metabolites (myoinositol, NAA, Cho, 
Cr, Glx). Multiple comparisons were calculated using 
Bonferroni correction. Finally, Spearman or Pearson cor-
relations were performed between metabolites and main 
clinical data of epilepsy, EWM, and MWoA, including 
the disease attack frequency, disease duration, VAS score, 
and HIT-90 score. The magnitude of the correlation 
was determined by the absolute value of r, with ranges 
indicating the strength of the correlation: 0.00–0.10 for 
negligible correlation, 0.10–0.39 for weak correlation, 
0.40–0.69 for moderate correlation, 0.70–0.89 for strong 
correlation, 0.90–1.00 for very strong correlation) [20]. A 
significance level of less than 0.05 was considered statis-
tically significant.

Results
Demographic and clinical characteristics
Of the 84 participants, one healthy control was excluded 
because of imperfect data, and eight participants’ spectra 
(including five EWMs, one epilepsy, one MWoA, and one 
healthy control) were excluded due to poor spectral qual-
ities. Finally, 19 patients with EWM (age 18–57 years, 
mean 32.26 years), 19 patients with epilepsy (age 
18–51 years, mean 28.74 years), 19 patients with MWoA 
(age 22–48 years, mean 30.00 years), and 18 healthy con-
trols (age 24–60 years, mean 28.94 years) were included 
in the further statistical analyses. The detailed demo-
graphic and clinical characteristics are summarized in 
Table 1. The four groups did not differ in terms of age 
(P = 0.649) or education level (P = 0.098). The use of 
analgetic drugs in MWoA was significantly higher than 
that in EWM (P = 0.022). EWM and MWoA did not differ 
in the disease duration, frequency, VAS, or HIT-90 scores 
of migraine (all P > 0.05). EWM and epilepsy also had no 
differences in the disease duration, frequency, or antiepi-
leptic drugs (AEDs) use of epilepsy (all P > 0.05).

Magnetic resonance spectroscopy results
The MRS results were shown in Table 2 and Fig. 2. The 
results of the multivariate test in MANOVA showed that 
metabolites were statistically significant in both group 
(P = 0.000) and location (P = 0.046), and there was no 
interaction between them (P = 0.574). The results of 

univariate test in MANOVA showed that the NAA level 
of bilateral DLPFCs were asymmetric, with the left 
DLPFC higher than the right (7.41 ± 1.15 vs. 7.07 ± 0.79; 
P = 0.031). There were also significant differences in myo-
inositol, NAA, and Cho among the four groups (P = 0.028, 
0.021, and 0.005). Further Bonferroni correction revealed 
that myoinositol (4.34 ± 0.71 vs. 4.96 ± 0.71; P = 0.038) 
and NAA levels (7.02 ± 0.76 vs. 7.66 ± 1.40; P = 0.030) in 
EWM were significantly lower than that in healthy con-
trols, while Cho level in MWoA were significantly higher 
than that in the other three groups (MWoA vs. epilepsy, 
EWM and healthy controls; 1.59 ± 0.59 vs. 1.37 ± 0.19, 
1.33 ± 0.22, and 1.36 ± 0.21; P = 0.047, 0.007, and 0.036).

Correlation analysis
The results of correlation analyses were shown in Fig. 3. 
Both NAA (r = −0.685, P = 0.001) of the right DLPFC 
and Cho of the bilateral DLPFCs (left, r = −0.485, 
P = 0.035; right, r = −0.593, P = 0.008) in EWM showed a 
moderately negative correlation with migraine frequency. 
In addition, the Glx of the right DLPFC in EWM was 
moderately negatively related to migraine severity 
(evaluated by VAS score) (r = −0.476, P = 0.039). There 
were no additional connections discovered correlations 
between metabolites and the primary clinical data in the 
four groups (all P > 0.05).

Discussion
NAA is mainly synthesized and stored in neuronal mito-
chondria and is present in high concentrations in neurons. 
It is a marker of neuronal structure and function [21]. 
Our study found that the NAA level between bilateral 
DLPFCs was asymmetric (left > right), which was sim-
ilar to previous studies [16,17]. Studies have shown that 
biochemical asymmetry is closely related to anatomical 
asymmetry between the cerebral hemispheres [22,23]. 
For example, in a study by Jayasundar and his colleagues 
[22], it was discovered that metabolites showed asymme-
try between the cerebral hemispheres of right-handed 
individuals, with a higher NAA/Cr ratio observed in the 
left frontal lobe compared to the right. Frontal anatomical 
asymmetry was also reported to be associated with hand-
edness [24]. Notably, in this study, all subjects were right-
handed. Therefore, the observed NAA asymmetry may 
reflect the difference in the number of neurons caused by 
anatomical asymmetry between the dominant and non-
dominant hemispheres, that is, the neuronal number in 
the dominant left hemisphere of right-handed individu-
als was greater.

Our study found that NAA level in MWoA, epilepsy, 
and EWM was gradually decreased when compared to 
healthy controls, but was only significant in EWM. This 
suggested that when epilepsy and MWoA are comorbid 
(EWM), there may be a ‘synergistic effect’ on NAA reduc-
tion. Previous studies revealed that NAA was obviously 
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lower in patients with epilepsy [16,17] or MWoA [25,26] 
than that in healthy controls, which was inconsistent with 
our findings. This may be caused by differences in subject 
factors, scanning time, statistical methods, and so on. The 
obviously reduced NAA in EWM may be the combined 
results of the following two aspects. First, both epilepsy 
[21,27] and migraine [28] attacks can result in neuronal 
mitochondrial dysfunction. NAA is mainly synthesized 
by neuronal mitochondria, and abnormal energy metab-
olism caused by neuronal mitochondrial dysfunction can 
lead to reduced NAA level [27]. Furthermore, extended 
and recurrent epilepsy [29] and migraine [25,26] attacks 
may also lead to progressive neuronal damage and loss, 
demonstrated by a gradual reduction in NAA levels, a 
marker for neurons. Our study also found a negative cor-
relation between NAA of the right DLPFC and migraine 
frequency in EWM. This result indicated that more fre-
quent migraine attacks can cause greater damage to neu-
ronal integrity or function in the right DLPFC of EWM. 
A study by Schmitz et al. also revealed that migraine 
attack frequency affected neuronal structure and density 
[30].

Observed changes in myoinositol were similar to those 
in NAA: Compared with healthy controls, myoinositol 
was gradually reduced in MWoA, epilepsy, and EWM, 
but only obviously in EWM. This indicated that neither 
epilepsy nor MWoA leads to a significant reduction in 
myoinositol. However, when they are comorbid, there 
may be also a ‘synergistic effect’ that causes myoinositol 
to decrease substantially. As an organic osmolyte, myo-
inositol plays an important role in cellular osmoregulation 
[31]. Myoinositol stability may represent the stability of 
cell osmotic pressure [31]. Both epilepsy and migraine 
episodes can alter neural electrophysiology, accompanied 
by osmotic imbalance. An animal study revealed that 
hypoosmolality caused by osmotic pressure imbalance 

may be compensated for by rapidly decreasing myo-
inositol, which can slowly recover after osmolarity nor-
malization [32]. The slightly reduced myoinositol level 
observed in MWoA and epilepsy may reflect the process 
of returning to normal osmolarity after the disease attack, 
while the significantly reduced myoinositol level found 
in EWM may indicate the presence of more serious and 
uncompensated cell osmolarity disorders. In addition, 
prolonged exposure of cells to stressful environments 
like serious osmotic pressure imbalance was more likely 
to cause the injury of molecules such as DNA, resulting 
in cellular dysfunction and even potential apoptosis [33]. 
Myoinositol is found predominantly in glial cells and is 
regarded as a biomarker for the number and function of 
glial cells [34,35]. Significantly reduced myoinositol was 
also reported to be associated with decreased glial cell 
density and dysfunction [34,35]. Therefore, we specu-
late that glial cell loss and dysfunction may also occur in 
EWM.

The Cho primarily provides information regarding 
cell membrane integrity, density, and turnover (phos-
pholipid synthesis and degradation), which occurs at a 
higher level in glial cells than in neurons [36,37]. We 
found that the Cho level in MWoA was significantly 
higher than that in the other three groups. The study 
by Dehghan et al. found that MWoA had a higher Cho/
Cr ratio in the occipital lobe than healthy controls [26]. 
The elevation in Cho level was generally indicative of 
cellular membrane injury and glial proliferation [36,37]. 
Therefore, the higher Cho level observed in MWoA may 
reflect the membrane integrity breakdown and reactive 
glial proliferation caused by recurrent migraine attacks. 
We did not find a significant Cho change in epilepsy or 
EWM, which may be due to the therapeutic effects of 
AEDs. Comparisons of clinical data in this study showed 
no difference in the use of AEDs between epilepsy and 

Table 1  Clinical and demographic data

Parameters HCs EP EWM MWoA t/F/x2 P

Age (years) 28.94 ± 10.94 28.74 ± 7.55 32.26 ± 11.53 30.00 ± 7.01 0.552 0.649
Education level (years) 16.00 ± 3.66 12.88 ± 3.96 12.95 ± 3.70 15.95 ± 3.12 8.480 0.098
Epilepsy aspects
 � Seizure type (N)
 � Focal onset / 11 10 / /
 � Generalized onset / 8 9 / /
 � Disease duration (years) / 9.31 ± 5.96 11.47 ± 8.50 / 0.947 0.350
 � Frequency (times/year) / 51.44 ± 93.44 90.16 ± 33.31 / 0.450 0.655
 � AEDs (treated/untreated) 17/2 16/3 / 0.230 1.000
Migraine aspects
 � Disease duration (years) / / 7.47 ± 5.03 5.50 ± 3.46 1.410 0.168
 � Frequency (times/year) / / 47.84 ± 65.48 46.79 ± 86.91 0.042 0.967
Analgetic drugs (treated/untreated) / / 7/12 14/5 5.216 0.022
Migraine side
 � Bilateral / / 12 8 / /
 � Unilateral (left/right) / / 2/5 6/5 1.169 0.367
 � VAS score / / 5.68 ± 1.06 6.32 ± 1.06 −1.842 0.074
 � HIT-90 score / / 16.53 ± 18.00 16.42 ± 21.98 0.016 0.987

Values are presented as the mean ± SD or N. Bold font indicates P < 0.05.
AEDs, antiepileptic drugs; EP, epilepsy; EWM, EP comorbid with MWoA; HCs, healthy controls; HIT-90, Headache Impact Test-90; MWoA, migraine without aura; VAS, 
Visual Analog Scale.
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EWM, and more than 80% of epilepsy and EWM were 
on AEDs. Studies show that AEDs can prevent seizures 
and produce some substances that protect neurons and 
axons from damage [38]. In addition, some AEDs can 
also prevent migraine attacks to some extent [39]. We 
also found that Cho level in the bilateral DLPFCs of 
EWM was negatively correlated with migraine attack 
frequency, suggesting that frequent migraine attacks 
have a potential effect on impaired maintenance of 
membrane turnover, glial dysfunction, and reduced cell 
density in EWM.

Our study found that migraine intensity (assessed by 
VAS score) was negatively correlated with Glx in the 
right DLPFC of EWM. Ashina et al.’s study [40] showed 
that the pain intensity of migraine was associated with 
increased emotional stress and depression. In addi-
tion, decreased Glx was also reported to be related to 

emotional factors [41,42]. For example, a study by Luykx 
et al. showed that Glx in the anterior cingulate cortex 
was reduced in patients with major depression [42]. 
The DLPFC plays a crucial role in processing emotions 
such as anxiety or depression [13], with research indicat-
ing that depression-related brain dysfunction primarily 
affects the right hemisphere [43]. Therefore, we specu-
lated that as migraine intensity increases, the decline in 
Glx level in the right DLPFC of EWM may be related to 
depression. However, further research is needed to con-
firm whether EWM patients are prone to depression as 
pain intensity increases.

In conclusion, our study confirms that the DLPFC is 
an important brain region in both epilepsy and MWoA. 
Neither epilepsy nor MWoA leads to a significant reduc-
tion in myoinositol and NAA, however, when they are 
comorbid (EWM), there may be a ‘synergistic’ effect 

Table 2  Metabolite concentrations (mmol/kg wet weight) of groups and statistical results of MANOVA analysis

Metabolites Multivariate test

Ins NAA Cho Cr Glx F P

Location Left DLPFC 4.79 ± 1.18 7.41 ± 1.15 1.44 ± 0.41 5.54 ± 0.94 9.81 ± 1.77 2.322 0.046
Right DLPFC 4.63 ± 0.69 7.07 ± 0.79 1.38 ± 0.29 5.51 ± 0.58 9.73 ± 1.85
F 1.030 4.723 1.191 0.056 0.083
P 0.312 0.031 0.277 0.813 0.774

Group MWoA 4.88 ± 1.47 7.23 ± 0.82 1.59 ± 0.59 5.45 ± 1.08 9.22 ± 1.91 4.676 0.000
EP 4.66 ± 0.65 7.07 ± 0.79 1.37 ± 0.19b 5.66 ± 0.66 10.08 ± 1.96
EWM 4.34 ± 0.71a 7.02 ± 0.76a 1.33 ± 0.22b 5.30 ± 0.45 9.58 ± 1.61
HCs 4.96 ± 0.71 7.66 ± 1.40 1.36 ± 0.21b 5.72 ± 0.75 10.23 ± 1.57
F 3.108 3.361 4.441 2.275 2.524
P 0.028 0.021 0.005 0.083 0.060

Location × Group F 0.126 1.259 0.186 0.116 0.481 0.891 0.574
P 0.945 0.291 0.905 0.950 0.696

Values are presented as the mean ± SD. Bold font indicates P < 0.05. Bonferroni correction: a indicates P less than 0.05 when compared with HCs; b indicates P less 
than 0.05 when compared with MWoA.
Cho, choline-containing compounds; Cr, creatine and phosphocreatine; DLPFC, dorsolateral prefrontal cortex; EP, epilepsy; EWM, EP comorbid with MWoA; Glx, gluta-
mate and glutamine (Glx, Glu and Gln); HCs, healthy controls; Ins, myoinositol; MWoA, migraine without aura; NAA, N-acetyl aspartate.

Fig. 2

Metabolic differences in locations [left and right dorsolateral prefrontal cortices (DLPFCs)] and groups (EP, MWoA, EWM, and HCs). (a) Metabolic 
differences between the left and right DLPFCs. The comparison revealed that NAA was asymmetrical, with a higher level in the left DLPFC than in 
the right (P = 0.031). (b) Metabolic differences among the four groups. The multiple comparison revealed that both NAA and Ins were significantly 
reduced in EWM when compared with HCs (P = 0.030 and 0.038). In addition, MWoA had a higher Cho level than that of HCs, EP and EWM 
(P = 0.036, 0.047, and 0.007). The upper edge and whisker of the rectangle represent the mean and range, respectively. Cho, choline-containing 
compounds; Cr, creatine and phosphocreatine; EP, epilepsy; EWM, EP comorbid with MWoA; Glx, glutamate and glutamine (Glx, Glu and Gln); 
HCs, healthy controls; Ins, myoinositol; L, the left DLPFC; MWoA, migraine without aura; NAA, N-acetyl aspartate; R, the right DLPFC.. P < 0.05 
indicates statistical significance.
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leading NAA and myoinositol to decline obviously. Since 
NAA and myoinositol are respective markers for neurons 
and glial cells, these results suggest that more serious 
injuries of both neurons and glial cells may be involved in 
the biochemical mechanisms of EWM in female patients. 
Further research with larger sample sizes is necessary 
to confirm these findings and the interaction mecha-
nism between epilepsy and MWoA needs to be further 
explored.

There are some limitations in this study. First, the sam-
ple size of this study was small, which may reduce the 
statistical power. This result would be more convincing 
if a study with a larger sample could confirm our findings. 

Second, due to difficulties in patient inclusion, epilepsy 
seizure types were mixed in epilepsy and EWM patients, 
so the results may be controversial. However, we tried to 
keep the epileptic seizure types as balanced as possible 
between epilepsy and EWM patients, believing that this 
effect would be canceled out. Third, although all patients 
stopped taking drugs 72 h before the scan, we cannot 
guarantee whether long-term drug use has any effect on 
brain metabolism. However, AEDs have the potential to 
increase NAA levels and shield neurons and axons from 
damage [38]. Therefore, we believe that the reduction 
in NAA and myoinositol of EWM in this study was not 
caused by AEDs.
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