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Background: The most common subtypes of malformations of cortical development (MCDs) are gray 
matter heterotopia (GMH), focal cortical dysplasia (FCD), and polymicrogyria (PMG). This study aimed to 
characterize the possible neurometabolic abnormalities and heterogeneity in different MCDs subtypes using 
proton magnetic resonance spectroscopy (1H-MRS).
Methods: In this prospective cross-sectional study, we recruited 29 patients with MCDs and epilepsy, 
including ten with GMH, ten with FCD, and nine with PMG, as well as 25 age- and sex-matched healthy 
controls (HC) from the Epilepsy Center of West China Hospital of Sichuan University between August 
2018 and November 2021. Inclusion criteria for the patients were based upon typical magnetic resonance 
imaging (MRI) findings of MCDs and full clinical assessment for epilepsy. Single-voxel point-resolved 
spectroscopy was used to acquire data from both the lesion and the normal-appearing contralateral side 
(NACS) in patients and from the frontal lobe in HC. Metabolite measures, including N-acetyl aspartate 
(NAA), myoinositol (Ins), choline (Cho), creatine (Cr), and glutamate + glutamine (Glx) concentrations, were 
quantitatively estimated with linear combination model (LCModel) software and corrected for the partial 
volume effect of cerebrospinal fluid (CSF).
Results: The NAA concentration was lower and the Ins concentration was higher in the MCDs lesions 
than in the NACS and in HC (P=0.002–0.007), and the Cho and Cr concentrations were higher in MCDs 
lesions than in HC (P=0.001–0.016). Moreover, the Cho concentration was higher in NACS than in HC 
(P=0.015). In the GMH lesions, the only metabolic alteration was an NAA reduction (GMH_lesion vs. HC: 
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Introduction

Malformations of cortical development (MCDs) are 
an inhomogeneous group of central nervous system 
developmental disorders resulting from the embryological 
interruption of any developmental stage, that is, during 
neuroblast proliferation and differentiation, neuronal 
migration, or cortical organization (1). These critical steps 
can be negatively affected by either genetic or acquired 
factors (2). MCDs are widely recognized as common and 
important causes of intractable epilepsy. Approximately 
25–40% of drug-resistant childhood epilepsy cases are 
attributable to MCDs, and at least 75% of patients with 
MCDs will develop epilepsy (3). Barkovich et al. (4) 
described the updated version of the MCDs classification 
scheme in 2012. MCDs were categorized into the following 
three successive and partially overlapping groups: group I, 
malformations secondary to abnormal neuronal and glial 
proliferation or apoptosis, such as microcephaly; group II, 
malformations secondary to abnormal neuronal migration, 
such as gray matter heterotopia (GMH); and group III, 
malformations secondary to abnormal postmigrational 
development, such as focal cortical dysplasia (FCD) and 
polymicrogyria (PMG). GMH, PMG, and FCD are the 
most common MCDs subtypes.

Proton magnetic resonance spectroscopy (1H-MRS) 
studies permit the noninvasive quantitative assessment of 
various cerebral metabolites implicated in cerebral structure 
and function in vivo. 1H-MRS has been widely performed 
to evaluate the characterization of the metabolic state in 
normal brain as well as in various neurologic pathologic 
conditions (5). Previous MRS studies have examined 
metabolite ratios or metabolite concentrations in patients 

with MCDs as a population. Although the majority of these 
researches have reported a decrease in the neuronal marker 
N-acetyl aspartate (NAA) or the NAA to creatine (NAA/
Cr) ratio, some studies have indicated normal or increased 
NAA in GMH (6,7) and PMG (7). Other metabolites, such 
as choline (Cho), Cr, Cho/Cr ratio, and myoinositol (Ins), 
etc., showed different changes across studies (6,8-13). We 
therefore suspect that the population of patients with MCDs 
was heterogeneous across these studies, as MCDs were 
divided into three groups. Also, the study by Woermann  
et al. (9) suggested there to be metabolic heterogeneity 
among the different subtypes of MCDs. In a previous study 
by our team, it was revealed that the disorders of migration 
(DOM) subgroup of MCDs was characterized by decreased 
NAA, while the disorders of postmigration (DOPM) 
subgroup was characterized by increased Ins (13). Munakata 
et al. (6) reported that the metabolic properties of the band 
heterotopia below the normotopic cortex differed from 
those of other cortical dysplasias.

In addition, several studies have discovered biochemical 
metabolic abnormalities in the perilesional area or normal-
appearing contralateral side (NACS) (13-15), mainly in the 
form of NAA reduction. Functional magnetic resonance 
imaging (MRI) and diffusion tensor imaging (DTI) studies 
have confirmed that MCDs is a widespread disease that is 
not limited to the visible range of the lesion (16,17). This 
may explain why patients with a visible focal MCDs are less 
likely to obtain postsurgical seizure freedom after surgical 
resection of the entire lesion (18).

Given the differences in genetic, histopathological, 
and imaging characteristics across various subtypes of 
MCDs, we hypothesized that the differences in metabolic 
abnormalities can be expected to reflect this heterogeneity, 

P=0.001). In the FCD lesions, there were more metabolite abnormalities than in the other two subtypes, 
particularly a lower NAA and a higher Ins than in HC and NACS (P=0.012–0.042). In the PMG lesions, Cr 
(lesion vs. HC or NACS: P=0.017–0.021) and Glx (lesion vs. NACS: P=0.043) were increased, while NAA was 
normal. Correlation analysis revealed that the Cr concentration in MCDs lesions was positively correlated  
with seizure frequency (r=0.411; P=0.027).
Conclusions: Based upon 1H-MRS, our study demonstrated that different MCDs subtypes exhibited variable  
metabolic features, which may be associated with distinct functional and cytoarchitectural properties.
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a suspicion that has not been extensively investigated in 
related researches. In this study, we aimed to detect the 
metabolic characteristics of the MCDs and NACS using 
a localized single-voxel 1H-MRS technique; to assess the 
metabolic heterogeneity in GMH, FCD, and PMG; and to 
determine the correlations between metabolite levels and 
seizure duration or frequency. We hope to provide deeper 
insights into the pathophysiologic basis of epileptogenesis 
which may help the pharmacological  or  surgical 
management of different MCDs subtypes. We present 
this article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-552/rc).

Methods

Participants

From August 2018 to November 2021, we prospectively 
enrolled 54 patients with epilepsy presenting with MCDs 
(including the GMH, FCD, and PMG groups) at the 
Epilepsy Center of West China Hospital of Sichuan 
University. The inclusion criteria for the patients was a 
clinically established diagnosis based on typical radiographic 
findings of MCDs and full clinical assessment (e.g., 
seizure semiology and video-electroencephalography). 
Conventional visual analysis of MRI was performed by two 
neuroradiologists in consensus. On MRI imaging, GMH 
is characterized by a nodular or laminar shape isointense 
to gray matter on all MRI sequences located in anywhere 
between the subependymal region of the lateral ventricles 
and cerebral cortex, without contrast enhancement (1). 
According to the distribution pattern of heterotopia, GMH 
is usually classified into subcortical laminar heterotopia 
(band heterotopia), subcortical nodular heterotopia, and 
subependymal/periventricular nodular heterotopia (1). 
FCD was identified according to the International League 
Against Epilepsy (ILAE) criteria, which include focal 
increased cortical thickness with abnormal signal intensity, 
the blurring of the gray-white matter junction, and 
increased subcortical white matter signal on T2-weighted 
images (T2WIs) and T2-fluid-attenuated inversion recovery 
(T2-FLAIR) images (19). On the MRI images of PMG, 
the lesion appears as an area of thickened and irregular 
cortex with multiple small gyri separated by shallow sulci 
on the cortical surface and often with abnormal subjacent 
white matter (1). The exclusion criteria for patients were 
as follows: (I) diffuse lesion, mixed MCDs subtypes, other 

MCDs subtypes, or other intercranial lesions; (II) any 
history of brain surgery or trauma; (III) alcohol/drug abuse 
or history of any other neurological or psychiatric disease 
except epilepsy; (IV) incomplete MR data; (V) poor spectral 
quality; and (VI) MRI contraindications.

Meanwhile, 25 age- and sex-matched healthy controls 
(HC) were also examined with the same protocol. Because 
there were 10 younger patients (age range, 7–15 years) in 
the MCDs group, the ethical problem of heavily sedating 
these patients prevented us from establishing a control 
group with the same age range. Therefore, in this study, 
we compared the MRS signal of the lesion with that of 
the NACS to overcome substantial regional (20) and age-
dependent (21) variations in healthy brain spectra, and 
no remarkable differences between the two hemispheres 
are known (22). All HC had normal MRI findings on 
visual inspection. This study was approved by the local 
ethical committee of the West China Hospital of Sichuan 
University. Before scans, all participants or the legal 
guardians of younger patients provided written informed 
consent for enrollment in this study. The study was 
conducted in accordance with the Declaration of Helsinki (as 
revised in 2013).

Collected clinical data included the age at enrollment, 
age at seizure onset, duration of epilepsy, seizure 
frequency, the use of antiepileptic drugs, and location of 
the lesions on MRI.

MRI acquisition

The images for all participants were obtained on a 3.0-T 
MR scanner (Trio Tim, Siemens Healthcare, Erlangen, 
Germany) with an 8-channel phased array head coil. First, 
we used a magnetization-prepared rapid gradient echo 
(MPRAGE) sequence to acquire sagittal high-resolution 
T1-weighted images (T1WIs) [repetition time/echo time 
(TR/TE), 1,900/2.3 ms; matrix size, 256×256; field of view 
(FOV), 256 mm × 256 mm; slice thickness, 1 mm]. The 
axial and coronal images were then reconstructed based on 
sagittal images to acquire 3-dimensional localization of the 
spectral volumes of interest (VOIs).

Single-voxel 1H-MRS acquisitions were conducted 
using the point-resolved spectroscopy sequence (PRESS) 
under the following parameters: TR/TE, 2,000/30 ms; 
the number of averages, 128; and bandwidth, 1,200 Hz. 
For each patient, a VOI was placed at the lesion and was 
adjusted to fit the size of the lesion to include as much of 
the visible lesion as possible, and an identically sized VOI 
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was positioned in the mirror region of the normal-appearing 
brain tissue in the contralateral hemisphere (i.e., the NACS) 
as a control volume. The average size of the VOIs was 
9.3 mL (range, 4–16 mL). In the controls, the VOIs were 
centered on the symmetrical areas of the left and right 
frontal lobes, with a typical size of 12 mL (4.0×2.0×1.5 cm3).  
For all participants, care was taken to ensure that VOIs 
did not involve the skull, subcutaneous fat of the scalp, 
or cerebrospinal fluid (CSF) spaces. Outer volume pre-
saturation bands were placed to avoid interference from 
signals outside the VOIs. Spectra with and without water 
suppression were both acquired. Water suppression was 
achieved by three chemical shift-selective (CHESS) pulses 
prior to the PRESS module. Shimming was performed 
to obtain a smaller line width and a better signal-to-noise  
ratio (SNR).

Before enrollment, all patients underwent clear lesion 
localization via clinical conventional MRI. If there were any 
uncertainties, additional sequences (such as T2WI and T2-
FLAIR) were performed to localize the MCDs lesions.

Data postprocessing

All raw MRS data were processed using the linear 
combination model (LCModel; version 6.3-1H; http://
s-provencher.com/lcmodel.shtml), which has automated 
baseline and phase correction and yields the absolute 
metabolite concentrations using the tissue water signal as 
an internal reference (23). Two researchers examined the 
data carefully (Pu H and Wang L). Only spectra that met 
the following conditions were included in the subsequent 
analysis: SNR ≥10, full width at half maximum (FWHM) 
≤0.08 ppm, and metabolite concentrations with an 
estimation of uncertainty [expressed as Cramer-Rao lower 
bounds (CRLB)] <15%. Neurometabolites selected for 
further analysis included NAA, Ins, Cho, Cr, and glutamate 
+ glutamine (Glx). The final metabolite concentration unit 
was mole per kilogram (mmol/kg) wet weight.

To eliminate the partial volume effect of CSF, we used 
the cortical thickness procedure, advanced normalization 
tools (ANTs; https://stnava.github.io/ANTs/) to segment 
the T1WIs of all participants to obtain the whole-brain 
proportions of the gray matter, white matter, and CSF. 
The voxel CSF volume fraction was determined by 
overlaying the VOIs on the segmented T1WIs according 
to its location information (Figure 1) (23). Finally, the 
following formula was used to the calculate metabolite 
concentrations (corrected for CSF volume) (24): Ccor = Craw 

× [Vtotal/(Vtotal − VCSF)], where Ccor is the corrected result, Craw 
is the uncorrected result, Vtotal represents the total volume 
of the VOIs, and VCSF represents the volume of CSF within  
the VOIs.

Statistical analysis

All statistical analyses were performed using SPSS 26 
(IBM Corp., Armonk, NY, USA) and GraphPad Prism 9.0 
(GraphPad Software, La Jolla, CA, USA). The Shapiro-
Wilk test was used to test the normality of distribution of 
the data. The nonnormally distributed metabolites were 
analyzed via nonparametric tests, including the Wilcoxon, 
Mann-Whitney U, and Kruskal-Wallis tests. We compared 
age using the independent-samples t-test and examined the 
sex distribution using the chi-squared test. The paired t-test 
and Wilcoxon test were applied to test the difference in 
metabolite concentrations between the lesion and NACS in 
patients with MCDs as a population (only Glx was analyzed 
with the Wilcoxon test) or in each subtype (only the Cho 
and Glx of GMH were analyzed with the Wilcoxon test). 
The independent-samples t-test and the Mann-Whitney 
U test (including for comparing Ins, Cr, and Glx between 
the NACS of patients with MCDs and HC and comparing 
the Cho and Cr between the lesions of patients with MCDs 
and HC) were used to assess the significant differences 
between patients with MCDs and HC (average metabolite 
value of the bilateral frontal lobe). Kruskal-Wallis analyses 
(for comparing Ins and Cr between groups) and one-way 
analysis of variance (ANOVA) were performed among HC 
and the three MCDs subtypes. Post-hoc tests were performed 
using least-significant difference (LSD) or Tamhane’s T2 
as correction for multiple comparisons. Finally, Pearson’s 
or Spearman’s correlation coefficient was used to analyze 
the relationship between the metabolite concentrations 
and seizure frequency and between the metabolite 
concentrations and epilepsy duration. The significance level 
was set at a two-sided P value <0.05.

Results

A total of 29 patients with MCDs (12 females and  
17 males; median age, 22.34 years; range, 7–41 years) 
met the inclusion criteria. The flowchart of the excluded 
patients with MCDs can be seen in Figure 2. The MCDs 
group consisted of 10 patients with GMH (female:male 
ratio =3:7; four with focal subcortical,  three with 
subependymal, and three with unilateral subependymal 
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and subcortical heterotopia), ten patients with focal FCD 
(female:male ratio =6:4; seven with frontal and three with 
parietal FCD), and 9 patients with PMG (female:male ratio 
=3:6; two with focal frontal or parietal PMG; five with 
unilateral frontoparietal, temporal, or/and occipital PMG; 
two with bilateral focal parietooccipital PMG). Additionally,  
25 sex- and age-matched HC (11 males and 14 females; 
mean age, 24.84 years; range, 22–28 years) were enrolled. 
The demographic and clinical characteristics of patients 
with MCDs are summarized in Table 1. We divided the 
patients into three subgroups: GMH, FCD, and PMG. 
There were no significant differences in age or sex among 
the HC group and the three subgroups (all P values 
>0.05). In terms of clinical features, the comparison results 
of the three subgroups showed that patients with FCD 
had a longer epilepsy duration than patients with GMH 
(12.50±9.66 vs. 4.30±4.30 years, P=0.042). Patients with 
PMG had a higher seizure frequency than patients with 
GMH (32.50±41.98 vs. 4.05±5.02 times/year, P=0.041).

Representative spectra and corresponding axial T1-
weighted or T2-FLAIR images of HC and three MCDs 
subtypes are shown in Figure 1. Table 2 summarizes 
the spectral quality (FWHM and SNR) and the tissue 

fractions in measured VOIs. The results showed that 
the MCDs lesions had higher FWHM and lower SNR 
than the NACS of MCDs (P=0.038 and P=0.001). The 
ratio of gray matter volume (GMV) to total volume 
and that of GMV to the sum of GMV and white matter 
volume (WMV) were higher, while the ratio of WMV 
to total volume and that of WMV to the sum of GMV 
and WMV was lower in HC than in lesion and NACS 
of MCDs (all P values <0.05). However, no significant 
differences in the spectral quality measurements between 
patients with MCDs and HC or in the tissue fractions of 
VOIs between the lesion and the NACS in MCDs were 
found (all P values >0.05). Table 3 displays the metabolite 
concentrations of the patients and the HC expressed as 
mean ± standard deviation (mmol/kg wet weight). In 
addition, before using the average of the bilateral frontal 
metabolite concentrations in the HC group, we compared 
the metabolite concentrations between the left and right 
frontal lobes. The results showed that there were no 
significant metabolic differences between the two VOIs 
(P=0.073–0.663).

Metabolic differences among the lesion and NACS of 
MCDs, and the HC

Figure 3  shows the mean and range of metabolite 
concentrations in the lesion of MCDs, the NACS of 
MCDs, and the HC. The comparison between lesion and 
HC revealed that the NAA concentration was decreased 
(6.79±1.00 vs. 7.47±0.50, P=0.002), while the concentrations 
of Ins (5.67±1.53 vs. 4.82±0.49, P=0.007), Cho (1.63±0.39 
vs. 1.38±0.10, P=0.001), and Cr (6.11±0.94 vs. 5.57±0.46, 
P=0.016) were increased in the lesion. In the comparison 
between lesion and the NACS, lower NAA (6.79±1.00 vs. 
7.40±1.05, P=0.005) and higher Ins (5.67±1.53 vs. 4.77±0.85, 
P=0.003) concentrations were observed in the lesion. In 
the comparison between NACS and HC, only the Cho 
concentration was elevated in the NACS (1.52±0.29 vs. 
1.38±0.10, P=0.015).

Metabolic differences between NACS and lesion in each 
MCDs subgroup

We performed intraindividual comparisons (paired t-test 
or Wilcoxon test) between the lesion and the NACS in 
each MCDs subtype, the results of which are displayed 
in Figure 4. In the patients with GMH, there was no 
significant difference in metabolite concentrations between 

Enrolled MCDs patients who underwent MRI scanning 
 (n=54) 

Excluded
• Diffuse lesion and mixed 

MCDs subtypes (n=4)
• Incomplete MRS data (n=2)

Excluded
• Spectral quality that did 

not meet the criteria for 
quantitative analysis (n=19)

Included MCDs patients for MRS data postprocessing 
(n=48)

Final study population of MCDs patients 
(n=29, including 10 GMH, 10 FCD, and 9 PMG)

Figure 2 Flowchart of the inclusion of patients with MCDs 
in this study. MCDs, malformations of cortical development; 
MRI, magnetic resonance imaging; MRS, magnetic resonance 
spectroscopy; GMH, gray matter heterotopia; FCD, focal cortical 
dysplasia; PMG, polymicrogyria.
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Table 1 Clinical data of patients with MCDs

Type Case Sex Age (years) Duration of epilepsy (years) Seizure frequency (times/year) Antiepileptic drugs

GMH 1 M 18 1 3 LEV, OXC, VPA

2 M 9 7 Total 2 LEV, OXC

3 M 10 1 3 LEV, OXC

4 F 30 6 1–2 LEV

5 M 15 2 12–24 LEV, VPA

6 F 7 4 Total 1 LEV

7 M 22 1 4–6 OXC

8 F 26 3 Total 2 LEV

9 M 12 3 2 LEV

10 M 39 15 3 VPA

FCD 11 M 41 28 Total 3 LEV, CBZ

12 F 31 20 60 OXC, LEV, TPM

13 M 30 4 0–1 LEV, OXC

14 M 40 4 4–6 LEV, OXC

15 F 20 5 12 OXC

16 F 24 10 4–5 LEV

17 M 34 28 3–4 OXC

18 F 31 10 24–36 OXC

19 F 10 3 36 LEV

20 F 27 13 120 LEV, OXC

PMG 21 M 31 4 132 VPA

22 M 18 10 2–3 OXC

23 F 21 13 12 OXC

24 M 19 0.5 Total 2 OXC

25 F 12 4 2–6 LEV

26 M 38 17 48 OXC, LEV

27 F 10 1 10 OXC

28 M 8 3 52 OXC, LEV

29 M 15 7 24–36 LEV, OXC

MCDs, malformations of cortical development; GMH, gray matter heterotopia; M, male; LEV, levetiracetam; OXC, oxcarbazepine; VPA, 
valproate; F, female; FCD, focal cortical dysplasia; CBZ, carbamazepine; TPM, topiramate; PMG, polymicrogyria.

Table 2 The measurements of spectral quality and tissue fractions in measured VOIs in participants with MCDs and HC

Parameters HC (n=25)
MCDs_NACS  

(n=29)
MCDs_lesion  

(n=29)
PHC vs. MCDs_NACS PHC vs. MCDs_lesion P MCDs_NACS vs. MCDs_lesion

FWHM 0.042±0.005 0.045±0.012 0.050±0.014 0.896 0.074 0.038*

SNR 26.20±5.72 27.62±8.70 24.03±8.88 0.477 0.286 0.001*

GMV/total volume 0.40±0.11 0.27±0.15 0.22±0.13 <0.001* <0.001* 0.050

WMV/total volume 0.51±0.18 0.67±0.17 0.70±0.16 0.002* <0.001* 0.705

GMV/(GMV + WMV) 0.46±0.16 0.29±0.17 0.24±0.15 <0.001* <0.001* 0.112

WMV/(GMV + WMV) 0.54±0.16 0.71±0.17 0.76±0.15 <0.001* <0.001* 0.112

Data are presented as the mean ± standard deviation. *, P<0.05. VOIs, volumes of interest; MCDs, malformations of cortical development; 
HC, healthy controls; NACS, normal-appearing contralateral side; FWHM, full width at half maximum; SNR, signal-to-noise ratio; GMV, 
gray matter volume; WMV, white matter volume.
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Figure 3 Comparison of metabolic concentrations between the patients with MCDs and the HC. Metabolites include Ins (A), NAA (B), 
Cho (C), Cr (D), and Glx (E). The upper edge and whisker of the rectangle represent the mean and range, respectively. HC, healthy 
controls; MCDs, malformations of cortical development; NACS, normal-appearing contralateral side; Ins, myoinositol; NAA, N-acetyl 
aspartate; Cho, choline; Cr, creatine; Glx, glutamate + glutamine.
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Table 3 Metabolite concentrations (mmol/kg wet weight) 

Metabolites HC (n=25)
MCDs (n=29) GMH (n=10) FCD (n=10) PMG (n=9)

NACS Lesion NACS Lesion NACS Lesion NACS Lesion

Ins 4.82±0.49 4.77±0.85 5.67±1.53*† 4.86±1.05 5.19±1.77 4.91±0.95 6.06±1.56*† 4.55±0.39 5.77±1.22†

NAA 7.47±0.50 7.40±1.05 6.79±1.00*† 7.09±1.12 6.38±1.14*‡ 7.65±0.83 6.81±0.91*† 7.51±1.17 7.22±0.83

Cho 1.38±0.10 1.52±0.29* 1.63±0.39* 1.48±0.27 1.52±0.32 1.61±0.29 1.89±0.50† 1.45±0.23 1.51±0.19

Cr 5.57±0.46 5.81±0.87 6.11±0.94* 5.75±1.22 5.57±0.91 5.92±0.72 6.25±0.86† 5.80±0.53 6.56±0.86*†

Glx 10.15±1.19 10.20±2.59 10.36±1.67 10.93±3.35 10.22±1.48 9.86±2.54 9.96±1.85 9.79±1.52 10.95±1.70†

Data are expressed as the group mean ± standard deviation. *, P<0.05 in comparison with the HC; †, P<0.05 in pairwise comparison with 
the corresponding NACS; ‡, P<0.05 in comparison between GMH_lesion and PMG_lesion. HC, healthy controls; MCDs, malformations 
of cortical development; NACS, normal-appearing contralateral side; GMH, gray matter heterotopia; FCD, focal cortical dysplasia; PMG, 
polymicrogyria; Ins, myoinositol; NAA, N-acetyl aspartate; Cho, choline; Cr, creatine; Glx, glutamate + glutamine.

the NACS and lesion (all P values >0.05). In the patients 
with FCD, the NAA concentration was decreased (lesion 
vs. NACS: 6.81±0.91 vs. 7.65±0.83, P=0.042), while Cho 
(lesion vs. NACS: 1.89±0.50 vs. 1.61±0.29, P=0.041), Cr 
(lesion vs. NACS: 6.25±0.86 vs. 5.92±0.72, P=0.046), and 
Ins (lesion vs. NACS: 6.06±1.56 vs. 4.91±0.95, P=0.012) 

concentrations were higher in the lesion than in the NACS. 
In the patients with PMG, Ins (lesion vs. NACS: 5.77±1.22 
vs. 4.55±0.39, P=0.021), Cr (lesion vs. NACS: 6.56±0.86 vs. 
5.80±0.53, P=0.017), and Glx (lesion vs. NACS: 10.95±1.70 
vs. 9.79±1.52, P=0.043) concentrations were significantly 
higher in the lesion than in the NACS.
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Figure 4 Comparison of metabolic concentrations between the lesion and the corresponding NACS in each MCDs subtype. Metabolites 
include Ins (A), NAA (B), Cho (C), Cr (D), and Glx (E). The upper edge and whisker of the rectangle represent the mean and range, 
respectively. GMH, gray matter heterotopia; NACS, normal-appearing contralateral side; FCD, focal cortical dysplasia; PMG, 
polymicrogyria; Ins, myoinositol; NAA, N-acetyl aspartate; Cho, choline; Cr, creatine; Glx, glutamate + glutamine; MCDs, malformations 
of cortical development.

Metabolic differences among the three MCDs subgroups 
and the HC group

The multiple comparison results are shown in Figure 5. In 
the comparison between the HC group and the NACS of 
MCDs subgroups (HC vs. GMH_NACS vs. FCD_NACS 
vs. PMG_NACS), there was no significant difference in 
metabolite concentrations (all P values >0.05).

For the comparison among the HC group and the lesion 
of MCDs subgroups (HC vs. GMH_lesion vs. FCD_lesion 
vs. PMG_lesion), in the GMH subgroup, only the NAA of 
lesion was lower than that of the HC group (GMH_lesion 
vs. HC: 6.38±1.14 vs. 7.47±0.50, P=0.001). In the FCD 
subgroup, the NAA concentration was lower (FCD_lesion 
vs. HC: 6.81±0.91 vs. 7.47±0.50, P=0.030), while the Ins 
concentration was higher in lesion than in the HC group 
(FCD_lesion vs. HC: 6.06±1.56 vs. 4.82±0.49, P=0.019). 
Although Cho and Cr concentrations were increased in 
lesion when compared to HC, the differences were not 
significant after correction for multiple comparisons 

(P=0.010 and P=0.007 before correction, and P=0.058 
and P=0.810 after correction, respectively). In the PMG 
subgroup, the Cr concentration of the lesion was higher 
than that of the HC (PMG_lesion vs. HC: 6.56±0.86 vs. 
5.57±0.46, P=0.021). Ins and Cho concentrations were 
higher in lesion than in HC, but there was no statistically 
significant difference after correction for multiple 
comparisons (P=0.048 and P=0.012 before correction, 
and P=0.052 and P=0.362 after correction, respectively). 
Furthermore, the NAA concentration of the GMH lesion 
was significantly lower than that of the PMG lesion (GMH_
lesion vs. PMG_lesion: 6.38±1.14 vs. 7.22±0.83, P=0.024).

Correlations between metabolite concentrations and seizure 
frequency or duration

Among all metabolites, only the Cr concentration in the 
MCDs lesions was positively correlated with the seizure 
frequency [r=0.411; 95% confidence interval (CI): 0.0411–
0.682; P=0.027; Figure 6). However, as shown in Figure 6,  
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we found that most of scatter points were outside the 
95% CI of the linear fit, and the scatter points distributed 
on both sides of the linear regression line were mainly 
from FCD and PMG lesions. There were no significant 

correlations between the metabolite concentrations 
in MCDs lesions and seizure duration or between the 
metabolite concentrations of lesions and seizure frequency 
or duration in any MCDs subtype (all P values >0.05).

Discussion

The primary findings of this study are as follows: (I) there 
were lower NAA and higher Ins concentrations in MCDs 
lesions than in the NACS of MCDs and HC, higher Cho 
and Cr concentrations in MCDs lesions than in HC, and 
higher Cho concentration in the NACS of MCDs than 
in HC. (II) Each MCDs subtype exhibited characteristic 
metabolic alterations. GMH had no metabolic abnormalities 
except for decreased NAA. FCD showed more abnormal 
metabolite concentrations, particularly decreased NAA and 
increased Ins in the lesion compared to HC and NACS. 
Unlike other subtypes, PMG showed no remarkable 
alteration in NAA concentration but did have increased Glx 
concentration. (III) Correlation analysis revealed that the 
Cr concentration of MCDs lesions was positively correlated 
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Figure 5 Comparison of metabolic concentrations among the HC and the three subgroups of MCDs. Metabolites include Ins (A), NAA 
(B), Cho (C), Cr (D), and Glx (E). The upper edge and whisker of the rectangle represent the mean and range, respectively. GMH, gray 
matter heterotopia; NACS, normal-appearing contralateral side; FCD, focal cortical dysplasia; PMG, polymicrogyria; Ins, myoinositol; 
NAA, N-acetyl aspartate; Cho, choline; Cr, creatine; Glx, glutamate + glutamine; HC, healthy controls; MCDs, malformations of cortical 
development.

Figure 6 The Cr concentration of the MCDs lesions is positively 
correlated with the seizure frequency. The solid line represents 
the linear regression line, and the dotted line represents the 95% 
CI of the linear fit. GMH, gray matter heterotopia; FCD, focal 
cortical dysplasia; PMG, polymicrogyria; Cr, creatine; MCDs, 
malformations of cortical development; CI, confidence interval.
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with seizure frequency.
In patients with MCDs, NAA reduction and Ins increase 

were noticed in MCDs lesions when compared to HC 
and NACS. In previous studies, the decreases of NAA 
concentration (9-13,25) and NAA/Cr ratio (6,8,14,15) 
were the major abnormalities identified in MCDs lesions, 
which is in agreement with our results. NAA is mainly 
synthesized in neuronal mitochondria, and NAA changes 
have been linked to the function, viability, and quantity of 
the bodies, axons, dendrites, and synapses of neurons (26).  
Decreased NAA concentration is generally indicative of 
neuronal dysfunction or loss of neurons. However, the 
histopathologic findings of patients with MCDs showed 
an increased or normal neuronal density in lesions 
(27,28). In an immunocytochemical study of rats with 
neocortical malformations and epilepsy, there was a delay 
in the developmental switch from α1 to α2 subunits in 
γ-aminobutyric acid A (GABAA) receptors of neocortical 
pyramidal cells in the lesioned cortex and a delay in the 
expression of the N-methyl-D-aspartate receptor subunit 
2A (NR2A), suggesting functional immaturity of the 
neurons (29). Additionally, NAA has been proven to be 
related to adenosine triphosphate (ATP) metabolism via 
participating in a mechanism that enhances mitochondrial 
energy production from glutamate (Glu) (26). Thus, NAA 
reduction might represent the abnormalities in neuronal 
maturation, dysfunction of neurons, or impairment in 
neuronal energy metabolism associated with MCDs lesions 
and epileptic activity. Ins is an organic osmolyte, largely 
originates from glial cells, and is commonly identified as 
a glia-specific marker (30). Therefore, an increase in Ins 
concentration might reflect glial proliferation.

Our study also found that the metabolic differences 
between MCDs lesions and HC were greater than those 
between MCDs lesions and NACS of MCDs, with higher 
Cho and Cr concentrations in MCDs lesions than in HC. 
In the comparison of NACS of MCDs and HC, NACS 
had a higher Cho concentration than HC. These findings 
indicate that NACS may also be affected by lesions. Cho is 
an important constituent of the phospholipid metabolism 
of cell membranes, and Cho concentration primarily 
provides information regarding membrane integrity and  
turnover (30), cell density (31), and the degree of 
myelination (32). An elevated Cho concentration might 
suggest increased membrane turnover and immature 
neuronal tissue. In the patients with MCDs, epileptogenic 
activity could be explained by abnormalities in tissue 
architecture and function, with consequent abnormal 

synaptic activity and circuitry, as well as unstable membrane 
excitability (33). Previous MRS studies have demonstrated 
that the metabolic conditions in the structurally normal-
appearing regions surrounding MCDs lesions (9,14) or in 
the opposite hemisphere (8,9,15) were disrupted, indicating 
widespread impairment of cerebral function. However, 
these studies reported decreased NAA concentration or 
NAA/Cr ratio (9,15) and decreased Cho/Cr ratio (8) in 
the NACS spectra of patients with MCDs as compared 
with the controls. This discrepancy may be attributed to 
different MRS postprocessing and analysis technologies or 
the heterogeneity of the patient population. From previous 
studies (8,14), it could be speculated that NAA abnormality 
was most evident in the center of MCDs lesion and gradually 
decreased with the distance from the lesion. Whereas, in 
the MCDs subgroups of our study, there were no metabolic 
differences between the NACS and HC. We consider that 
this may be due to the small sample size of each subgroup. 
Functional MRI research has revealed brain topological 
network disruptions and local or large-scale functional 
connectivity anomalies in patients with MCDs (34).  
Other neuroimaging modalities, including single-photon 
emission computed tomography (SPECT) (35), positron 
emission tomography (PET) (36), and DTI (16), have 
provided indirect or direct evidence to support the 
hypothesis that the abnormalities of neuronal function or 
micro-dysgenesis were beyond the limits of the visualized 
MCDs lesions. These findings may help to explain why it 
is more difficult for patients with apparently focal MCDs 
to become seizure-free after surgical removal of the visible 
lesion than patients with other pathologies (18). The newly 
proposed surgical management of MCDs with pharmaco-
resistant epilepsy, stereotactic surgery, targets the crucial 
nodes of the epileptogenic network and will become an 
important development direction (37). Moreover, in the 
VOIs, gray matter and white matter may contain different 
concentrations of metabolites. In our study, the differences 
in the tissue fractions and spectral quality in measured VOIs 
between the MCDs lesions and the HC or NACS may be 
attributable to variations in the GMV/WMV ratio in the 
lesion areas, the variability and complexity of the lesions, 
and the different locations of the VOIs.

GMH is a collection of neurons and glia in abnormal 
locations and is secondary to the arrest of the migration 
of neurons. In the comparison among HC, and the lesion 
and NACS of GMH, the only metabolic difference was a 
significantly lower NAA concentration in GMH lesions 
than in HC. In the past MRS studies of GMH, the NAA 
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signal (13,25) or NAA/Cr ratio (6-8,14) ranged from 
normal to below normal, suggesting that the functional 
maturity of neurons varies from case to case. Histological 
findings of some studies indicated that heterotopic lesions 
contain immature neurons and incomplete differentiation 
related to abnormal patterns of synaptic connections 
(38,39). Therefore, less NAA may point to the majority 
of heterotopic neurons being at an immature stage and 
dysfunctional despite the presence of a large quantity of 
neurons in the GMH areas. The subsequently improper 
cerebral connectivity resulting from heterotopic neurons 
may help to trigger epilepsy (14). Moreover, our study, 
in line with other studies (6,7,25), didn’t find obvious 
abnormality in the concentrations of Ins, Cho, or Cr in 
GMH. However, in the research of Munakata et al. (6) on 
band heterotopia (also referred to as double cortex), the 
Cho/Cr ratio was significantly increased while NAA/Cr ratio 
was not changed in laminar heterotopias. Histologically, 
the heterotopic band consists of randomly arranged 
but relatively well-differentiated pyramidal cells (6).  
Considering the subcategories of the GMH, primarily 
subependymal, subcortical, and band heterotopias (1), we 
speculate that the maturity of neuronal function may also 
differ among the three GMH subtypes, which may be 
further investigated via MRS or histopathological study.

FCD is a later cortical developmental disorder secondary 
to abnormal postmigrational development and may be 
accompanied by the presence or absence of abnormal cell 
types (19). In the present study, compared to the NACS, 
FCD lesions showed reduced NAA and elevated Ins, Cho, 
and Cr. Compared to HC, FCD lesions had decreased NAA 
and increased Ins. Although the Cho and Cr concentrations 
of FCD lesions were significantly higher than those of HC, 
neither of them passed correction for multiple comparisons. 
Our results are in accordance with previous reports on small 
groups of patients with FCD, which reported a reduction 
in NAA (10,12,25) or NAA/Cr ratio (10,40) within FCD 
lesions. In a previous study by Tan et al. (13), significantly 
increased Ins and Cr concentrations were observed in the 
DOPM subgroup (including FCD and PMG), but not in 
the DOM subgroup (including GMH) when compared to 
HC or NACS. According to the clinicopathologic spectrum 
of FCD, the ILAE proposed a three-tiered classification 
system (types I–III) to distinguish isolated FCDs (19), with 
FCD type II (characterized by varying degrees of cortical 
dyslamination and dysmorphic neurons without or with 
balloon cells) being the most common type (19). In our 
study, three patients with FCD confirmed by postoperative 

pathology were FCD type II. The metabolic disturbances in 
FCD type II could mainly be explained by disorganization 
of tissue architecture with dysplastic neurons, incomplete 
differentiated cells, and gliosis, which is an additional 
feature of FCD lesions (41).

In the clinical performance, we found that patients with 
FCD had a longer epilepsy duration than patients with 
GMH, and the metabolite abnormalities in Ins, Cho, and 
Cr of FCD lesions were more obvious than those of GMH 
lesions. In addition to considering the pathophysiological 
differences between the two subtypes, whether chronic 
epilepsy caused by longer seizure duration affects metabolite 
concentrations requires to be considered. However, no 
correlation was found between seizure duration and 
metabolite concentrations in this study.

PMG is characterized by overfolding of the cerebral 
cortex and abnormal cortical layering (2). In our cohorts, 
the PMG lesions presented higher Ins, Cr, and Glx 
concentrations than the NACS of PMG, and a higher Cr 
concentration than the HC; specifically, the NAA was not 
significantly changed in PMG lesions. In the studies of 
Widjaja et al. (7) and Li et al. (14) of 21 and three patients 
with PMG, respectively, the NAA/Cr ratio in PMG 
was also not significantly reduced when compared with 
HC. The timing of the insult in PMG is the final stages 
of neuronal migration and the early phases of cortical 
organization, and the neurons are deemed to be mature, 
with normal cellular structure and the presence of synaptic 
integrity (7,14). This may account for our findings in which 
the NAA concentration in GMH lesions was also lower 
than that in PMG lesions. Cr is thought to be mainly found 
in glial cells (42). The PMG is usually related to diffuse or 
patchy astrogliosis or dysmyelination in the white matter (3), 
which explains the increased Cr found in the PMG lesions. 
A notable finding in our study was that Glx concentration 
of PMG lesions was higher than that of the NACS. On 
conventional or edited MRS, Glu and glutamine (Gln) 
have overlapping peaks that are difficult to distinguish and 
are therefore generally reported as a combined signal of  
Glx (43). Glu is a primary excitatory neurotransmitter in 
the brain and plays a major role in the initiation and spread 
of seizure activity (44). The Glu-Gln cycle between neurons 
and glia is a key mechanism for the control of glutamatergic 
neurotransmission (45). The average seizure frequency of 
patients with PMG was also higher than that of patients 
with FCD or GMH, with the difference for the latter being 
significant. Hence, an elevated Glx concentration may be a 
result of recurrent seizures and energy depletion leading to 
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partial failure of neurotransmitter cycling and subsequent 
neurotransmitter accumulation in the surrounding 
astrocytes (as Gln) or within the neuronal cytoplasm  
(as Glu).

In the correlation analysis, there was a positive correlation 
between Cr concentration and seizure frequency in patients 
with MCDs (r=0.411; P=0.027). This is consistent with the 
findings of Tan et al. (13) on MCDs and Tschampa et al. (12)  
on FCD, who reported a weak to moderate positive 
correlation between Cr concentration of the lesions and 
seizure frequency. The Cr peak in MRS is a composite of 
Cr and phosphocreatine that interconvert to regenerate 
ATP, thus acting as a short-term energy “buffer” for the 
cell (46). It was reported that elevation in Cr concentration 
may reflect disrupted energy metabolism (hypermetabolism 
in lesions) because a more metabolically active cell 
reasonably requires a greater capacity to regenerate  
ATP (46). While Cr is found in both neurons and glial cells, 
its concentration is highest in astrocytes (42). An increase 
of Cr concentration in patients with MCDs lesions and 
intrinsic epileptogenicity could indicate hypermetabolism 
and astrogliosis (12). Nevertheless, the correlation between 
Cr concentration of MCDs lesions and seizure frequency 
in this study was weak, and most of the scatter points were 
outside the 95% CI of the linear fit (Figure 6), which may 
be attributed to the small sample size. This finding needs 
to be verified in future studies with larger-scale cohorts or 
results from multiple centers. The epilepsy duration did 
not correlate with metabolic concentrations in MCDs or 
three subtypes, which is in accordance with the literatures 
(8,12). However, other researchers also did not find any of 
the aforementioned clinical correlations of metabolites in 
patients with MCDs (8,11). These discrepancies may be due 
to heterogeneity of the MCDs population or the presence 
of various MCDs subtypes. As in the results of correlation 
analysis, the points scattered on both sides of the fitted line 
were mainly from FCD and PMG lesions.

There are some limitations to this study which should 
be mentioned. First, our study was inevitably affected by 
the small sample population of patients with MCDs and 
each subtype. Second, although the differences in age 
were nonsignificant among the adult HC group and three 
subtypes, 10 patients were younger than 18 years of age 
(age range, 7–15 years). To counteract this, we compared 
the lesion to the NACS in the same patient. Third, we 
could not identify the relative contributions of antiepileptic 
medications. Valproate treatment has been reported 
to be associated with increased Glx and reduced Ins 

concentrations (47). In our cohort, however, the number of 
patients treated with valproate was relatively small, and the 
Ins concentration in the lesions had a tendency to increase 
instead of decrease. Fourth, some prefrontal metabolite 
levels, especially the Cr, have been reported to be affected 
by the phases of the menstrual cycle (48). Control for the 
phases of the menstrual cycle should be implemented in 
future studies of brain metabolite dysregulation in patients 
with MCDs.

Conclusions

Our study demonstrated neurometabolic heterogeneity 
among different MCDs subtypes. Compared with HC and/
or NACS, GMH was characterized only by decreased NAA 
concentration, FCD by decreased NAA concentration and 
increased Ins concentration, and PMG by elevated Glx 
concentration and normal NAA concentration. Therefore, 
we speculate that when MCDs are analyzed as a whole, the 
heterogeneity of various subtypes might be indiscernible. 
One possible recommendation is that each MCDs subtype is 
studied separately to elucidate its specific neurobiochemical 
mechanisms.
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