Childs Nerv Syst (2012) 28:273-282
DOI 10.1007/s00381-011-1604-9

ORIGINAL PAPER

Epileptogenic brain lesions in children: the added-value
of combined diffusion imaging and proton MR spectroscopy
to the presurgical differential diagnosis

Slim Fellah - Virginie Callot - Patrick Viout - Sylviane Confort-Gouny -
Didier Scavarda - Philippe Dory-Lautrec - Dominique Figarella-Branger -

Patrick J. Cozzone - Nadine Girard

Received: 8 July 2011 /Accepted: 28 September 2011 /Published online: 27 October 2011

© Springer-Verlag 2011

Abstract

Purpose Focal cortical dysplasia (FCD), dysembryoplastic
neuroepithelial tumors (DNTs), and gangliogliomas (GGs)
share many clinical features, and the presurgical differential
diagnosis of these lesions using conventional magnetic
resonance imaging (MRI) is challenging in some cases. The
purpose of this work was thus to evaluate the capacity of
diffusion-weighted imaging (DWI) and proton magnetic
resonance spectroscopy (MRS) to distinguish each lesion
from the others.

Methods Seventeen children (mean age 9.0+4.7 years),
who had been referred for epilepsy associated with a brain
tumor and operated, were selected. Preoperative MRI
examinations were performed on a 1.5 T system and
included anatomical images [T2-weighted, fluid-attenuated
inversion recovery (FLAIR) and T1 pre- and post-injection
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images] as well as DWI and MRS [echo time (TE) = 30 and
135 ms]. Apparent diffusion coefficient (ADC) values were
calculated in the lesion and healthy control. MRS relative
quantification consisted in normalizing each metabolite by
the sum (S) of all metabolites (Stg=135 ms = NAA+Cr+Cho;
StE=30 ms = NAA+Cr+Cho+Glx+ml). Univariate and
multivariate analyses were performed in order to determine
which criteria could differentiate the different epileptogenic
brain lesions.

Results When taken alone, none of the MRI parameters
was able to distinguish each disease from the others.
Conventional MRI failed classifying two patients. When
adding ADC to the linear discriminant analysis (LDA), one
patient was still misclassified. Complete separation of the
three groups was possible when combining conventional
MRI, diffusion, and MRS either at long or short TE.
Conclusion This study shows the added-value of multi-
modal MRI and MRS in the presurgical diagnosis of
epileptogenic brain lesions in children.

Keywords Focal cortical dysplasia - Dysembryoplastic
neuroepithelial tumors - Intracranial gangliogliomas -
Diffusion MRI- MR spectroscopy - Child

Introduction

Focal cortical dysplasia (FCD), dysembryoplastic neuro-
epithelial tumors (DNTs) and gangliogliomas (GGs) are the
most common brain lesions encountered in pediatric
epilepsy [5, 10, 16, 25]. Complete resection of the lesion
can be a good remedy for intractable epilepsy in carefully
selected patients [1, 14, 19, 22, 25]. However, treatment
policy differs between these diseases, and most surgical
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decisions, including the selection of surgical candidates,
determination of when to operate, and outcome expectation,
depend heavily on the preoperative diagnosis. In the case of
FCD and DNTs which are supposed to be non-progressive
lesions with an excellent long-term outcome, surgery can be
performed after a long period of seizure manifestations. In
contrast, GGs, which are associated with a more aggressive
astroglial component, must be operated more quickly to avoid
evolution into anaplastic GG (grade III of the WHO
classification [17]) or even into glioblastoma (grade IV) [6,
12, 18]. It is therefore of the utmost importance to distinguish
these brain lesions from each other. However, although these
lesions are generally different in their pathological character-
istics, the clinical and imaging features can be similar in
some cases (Fig. 1) and clear identification of the lesion type
may be confusing. Conventional magnetic resonance imaging
(MRI) plays a key role in the field of preoperative diagnosis
[7, 23, 24, 27] in epilepsy surgery, but in some cases, it is still
insufficient. The purpose of this work is thus to investigate
other MRI methods that may help differentiating epilepto-
genic lesions such as DNTs, FCD, and GGs.
Diffusion-weighted imaging (DWI), perfusion-weighted
imaging (PWI), and magnetic resonance spectroscopy
(MRS), which provide structural, hemodynamic, and

Fig. 1 Example of confounding
diagnosis based on conventional
MRI. The three types of lesions
present cysts on T2-weighted
images; no edema was found on
FLAIR images, and CE was
present in DNT and GG
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metabolic information, respectively, are among the techni-
ques of interest. Some of these methods have been
investigated in order to characterize epileptogenic tumors
[4, 31, 34, 35] and, in particular, DNTs. However, to the
best of our knowledge, no study specifically dedicated to
the differential diagnosis of epileptogenic lesions using
DWI, PWI, and MRS in a children population has been
reported so far.

The goal of this study of 20 children with epileptogenic
brain lesions was to evaluate the capacity of DWI, PWI,
and proton MRS to distinguish DNTs from FCD, GGs, and
other epileptogenic tumors.

Patients and methods

Patients

Between 2004 and 2010, we retrospectively selected all
children who had been referred for epilepsy associated with
a brain tumor. From the 51 patients who fulfilled these
criteria, we selected all those who had been operated.
Overall, 20 children (7 females, 13 males; age range
1 month to 16 years, mean 9+4.7 years) met the above
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criteria and were included in this study. This patient’s
population included five FCD, eight DNTs, four GGs, one
pilocytic astrocytoma (PA), one oligoastrocytoma (OA), and
one ependymoma (E). The duration of epilepsy varied from
2 months to 10 years (mean 2.4+2.6 years), and the age at
onset varied from 10 days to 14 years (mean 6.4+4.1 years).

Magnetic resonance imaging

All MRI examinations were performed on a 1.5 T system
(Symphony Siemens, Erlangen, Germany). Imaging proto-
col included a standard gradient-echo T1 sequence in the
sagittal plane [repetition time (TR) = 359 ms, echo time
(TE) = 4.48 ms], slice thickness = 4 mm, field of view
(FOV) = 300 mm total acquisition time = 1 min 29 s), an
axial turbo spin-echo T2 (TR = 5,200 ms, TE = 148 ms,
slice thickness = 3 mm, FOV = 240 mm, total acquisition
time = 3 min 28 s) and a coronal fluid-attenuated inversion
recovery (FLAIR) images (TR = 10,000 ms, TE = 108 ms,
slice thickness = 3 mm, FOV = 230 mm, total acquisition
time = 4 min). DWI and MRS were performed before
gadolinium administration, while PWI and 3D gradient
echo T1 sequence (TR = 2,060 ms, TE = 2.79 ms, slice
thickness = 0.8 mm, FOV = 256 mm, total acquisition time =
5 min 40 s) were acquired during and after.

Diffusion-weighted image

DWIs were obtained using an axial, multi-slice echo-planar
spin-echo sequence (TR = 3,500 ms, TE = 101 ms, slice
thickness = 5 mm, three averages per image, FOV =
334 mm, total acquisition time = 1 min 50 s). Diffusion was
measured in three orthogonal directions at two b-values
(500 and 1,000 smm ?). An additional set of images was
obtained with no diffusion weighting (b=0 smm ).
Apparent diffusion coefficient (ADC) maps were calculated
on a pixel-by-pixel basis.

Proton MRS

A single voxel technique was performed with a voxel of
interest (VOI) of 8 cm® (20%20%20 mm) centered in the bulk
of the tumor, away from the scalp (to avoid lipid contami-
nation) and the temporal bone. Spectra were acquired by
Point Resolved Spectroscopy (PRESS) acquisition with short
(30 ms) and long (135 ms) TE (TR = 1,500 ms, 50 scans,
total acquisition time of 1 min 21 s for each sequence). When
possible, water (H,0) signal has also been acquired.

Perfusion-weighted imaging

Dynamic susceptibility contrast T2*-weighted echo-planar
gradient-echo images were acquired in 13 patients (TR =

1,480 ms, TE = 30 ms, flip angle 90°, no gap, slice thickness =
5 mm, FOV =281 mm, 50 sets of 20 images, total acquisition
time = 1 min 21 s). A single standard dose of 0.1 mmol/kg of
body weight (Dotarem, Guerbet, France) was rapidly admin-
istrated intravenously through a power injector at 2— 5 ml's™'
depending on weight and age of the patient.

Post-processing and data analysis

Two investigators evaluated the MR images by consensus.
Lesion location, calcifications, edema, contrast enhance-
ment (CE), cystic component, hemorrhage, mass effect, and
lesion shape were recorded. As shown in Table 1, CE,
cysts, and lesion shape were coded using a score from 1 to
4 while edema was binary-coded.

MRS relative quantification consisted in normalizing
each metabolite by the sum (S) of all metabolites analyzed
(TE = 135 ms, sum = NAA+Cr+Cho; TE = 30 ms, sum =
NAA+Cr+Cho+Glx+ml). The metabolite ratios Cho/NAA,
Cho/Cr, lip/S, and mI/Cr were also calculated. Metabolite
values were not normalized to H,O signal since data was
only available for 15 out of the 20 patients included in this
study. Post-processing of the MR spectroscopy data was
carried out using the AMARES-MRUI FORTRAN code
[28] included in a homemade software developed under
Interactive Data Language (IDL) environment (Research
System, Boulder, CO, USA). N-acetylaspartate (NAA) at
2.02 ppm, choline-containing components (Cho) at
3.22 ppm, creatine, and phosphocreatine (Cr) at 3.03 ppm
were identified on the long and short echo-time spectrum.
In addition, myoinositol (ml) at 3.56 ppm, lipids (lip) at
0.85 and 1.70 ppm, and the complex glutamine—glutamate
(GIx) at 2.16 and 2.28 ppm were recognized on the MR
spectrum at short TE.

Post-processing of perfusion data was done using Perf-
scape and Neuroscape softwares (OLEA medical, SAS, La
Ciotat, France). Cerebral blood flow (CBF), corrected
cerebral blood volume (CBV), time to peak (TTP), mean
transition time (MTT), and permeability index (K2) maps
were generated after verification of an automatically
detected arterial input function (AIF). In PWI and DWI,
all regions of interest (ROIs) were drawn by consensus for the

Table 1 Coding scores of conventional MRI parameters for statistical
analysis

Score 1 Score 2 Score 3 Score 4

Lesion shape Rectangular Triangular Round Undefined

Cysts Absent 1 cyst Microcysts Multiple cysts
CE Absent Nodular ~ Homogeneous Heterogeneous
Edema Absent Present
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recording of ADC and perfusion parameters. Tumor ROI was
manually placed on CE region, when existing, avoiding
macroscopic cysts, cerebrospinal fluid, and major vessels. In
case of non-enhancing lesions, tumor ROI was placed in the
area with lowest ADC and/or highest CBV value. Normal-
appearing mirrored ROIs were used to obtain control values.
All perfusion parameters (CBF, CBV, MTT, TTP, and K2)
were then normalized by dividing tumoral values by the
normal contralateral value to obtain relative ratios (rCBF,
rCBV, tMTT, rTTP, and rK2, respectively).

Statistical analysis

Seventeen patients were included in the statistical analysis
and were classified into three pathologic diagnosis groups:
FCD, DNT, and GG. PA, OA, and E groups were excluded
due to the insufficient number of patients. The JMP 5
software (SAS Institute, Cary, NC, USA) was used for the
analyses. Data were analyzed with univariate and multivar-
iate statistical analysis. Univariate statistical analysis was
performed with multiple parameters from DWI and MRS to
determine which criteria were significantly different among
groups. Univariate analysis could not be performed on
perfusion data because of the small number of patients
having PWI. The nonparametric Wilcoxon test was per-
formed to compare the distribution of these parameters
among the groups. When this test yielded significant result,
we also performed a Tukey—Kramer test. Multivariate linear
discriminant analysis (LDA) was used combining all MRI
and MRS parameters to differentiate the groups. Signifi-
cance was set at a p value less than 0.05.

Results
Clinical and neuroradiological findings

Results with data from lesion location, edema, CE, cysts,
hemorrhage, lesion shape, age at onset, and duration of
epilepsy are presented in Table 2. Among the 20 patients,
three were still presenting seizures after surgery but at a
lower frequency than before surgery. The majority of the
lesions were found to be located in the temporal lobe (14
patients) followed by the frontal lobe (four patients), the
occipital lobe (one patient), and the parieto-occipital lobe
(one patient). Our results showed that edema was detected
on FLAIR images in two patients histopathologically
diagnosed as GG and pilocitic astrocytoma. CE was
identified in 13 patients (65%) on post-contrast T1-
weighted images. We noted that all the GGs presented a
CE while all FCDs did not enhance after gadolinium
injection. Six DNTs (75%) exhibited CE as nodular in four
and heterogeneous enhancement in two. All but one DNT
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presented a cystic appearance. Six had multiple/microcysts
and only one DNT showed one cyst. Only one patient
presented hemorrhage (DNT), and neither mass effect nor
calcifications were found in the studied population. Uni-
variate analysis showed that GGs could be distinguished
from FCDs and from DNTs by CE (p<0.05), and DNTs
could be differentiated from FCDs by cysts criterion (p<
0.05). None of the other neuroradiological criteria was able
to differentiate the three groups from each other (p>0.05).

Diffusion, perfusion, and spectroscopy findings

Diffusion and spectroscopy data were available in all patients,
while perfusion MRI was performed in ten patients among the
17 included in the statistical analysis. Table 3 resumes
quantitative data from DWI, PWI, and MRS for each group.
Univariate analysis revealed that DNT patients had the
highest ADC values and were significantly different from
those of FCD and GG patients (p<0.05; Fig. 2a). The MRS
quantitative analysis demonstrated a significant difference in
Cr/S and Cho/Cr ratios at long TE between FCD and GG
groups (Cr/S ratio was higher in FCDs, while Cho/Cr ratio
was higher in GGs; p<0.05; Fig. 2c and d). At short TE, the
Cho/S ratio was significantly higher in GGs compared to
DNTs (p<0.05; Fig. 2b). Univariate statistical analysis could
not be performed on perfusion parameters (rCBF, rCBYV,
rMTT, rTTP, and 1K2) because of the small proportion of
patients having PWI data.

Multivariate analysis

LDA was performed on thel7 children included in the
statistical analysis. The three groups (FCD, DNT, and GQG)
could not be separated correctly with conventional MRI
(including T1- and T2-weighted, FLAIR, and post-contrast
T1-weighted images), long TE MRS, and short TE MRS
taken separately with a number of misclassified patients of
two (Fig. 3a), seven, and six, respectively. Variables and
combination of variables were tested and incremented in
the analysis. Thus, when combining conventional MRI with
ADC, one patient was still misclassified (Fig. 3b). Com-
plete separation of the three lesion types was obtained with
the combination of conventional MRI scores, ADC, and
long TE MRS (Fig. 4a). Moreover, a more accurate result
was obtained by combining conventional MRI scores,
ADC, and short TE MRS (Fig. 4b). However, when
performing LDA with conventional MRI, ADC, long and
short MRS data, we found no significant supply compared
to the previous combinations (Fig. 4c). Thus, if available
scan time is reduced, MRS data at short TE should be
acquired preferably. Table 4 resumes the sensitivity and
specificity values of each technique or combination of
techniques for each group of lesion.
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Fig. 2 Univariate analysis with a b
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Presurgical diagnosis of epileptogenic brain tumors in
children is important for treatment planning. However, it
is still challenging in some cases despite the considerable
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Fig. 3 LDA showing two misclassified patients with conventional MRI
(a) and one misclassified patient when adding ADC to the analysis (b)

authors have shown that no hallmark specific to either
DNT, FCD, or GG on preoperative MRI could differentiate
the three types before surgery [24, 27]. Others have
acknowledged the possibility of misdiagnosing DNTs and
GGs as OA, oligodendroglioma, and astrocytoma [11]. In
this relatively large MRI study on child patients with
epileptogenic brain tumors, we have shown, for the first
time, the promising potential of multimodal MRI as a
presurgical diagnosis tool. Our neuroradiological findings
in DNTs, GGs, and FCD were mostly similar to the
literature [5, 7, 12, 15, 23, 24, 27, 29, 33]. The temporal
lobe was the most frequent location for these lesions. Low
signal on T1-weighted images and high intensity signal on T2-
weighted and FLAIR images were usually observed. Edema
was generally absent in the three types of lesions, while CE
was common but variably appreciated. Indeed, CE in DNTs
was reported to be low in the literature [1, 4, 24], but it can
vary from 18% [4] to 50% [23] of the cases. GGs usually
show CE [12, 20, 29, 36], but when located in mesial
temporal lobe, they tend to show no CE. However, although
FCD commonly lacks CE on post-gadolinium T1-weighted
images, some exceptions have been reported [2, 15, 30].

In this study, we found that the DNTs had significantly
higher ADC values than FCD and GGs, as previously
reported in a retrospective study of 275 children and adults
patients with various brain tumors [34]. Moreover, ADC
values in DNT patients have been shown to be significantly
higher compared to a control group in a study with adult
and children population [4]. It is also known from an adult
study that DNTs display the highest ADC values among the
benign tumors and that ADC could help in grading tumors
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Fig. 4 LDA showing complete separation of the three groups when
combining conventional MRI+ADC+MRS at long TE (a). A more accurate
separation was obtained when using conventional MRI+ADC+MRS at
short TE (b). Combination of MRI+ADC+MRS at long and short TE
successfully separated the three groups of lesions (c), but this was not
really more accurate than using MRI+ADC+MRS at short TE

but not in differentiating different tumor types in the same
grade [3]. The only report on GG and DWI found in the
literature included adults and children and showed a
significantly higher minADC in GGs compared to low-
and high-grade astrocytomes [13].

As shown in Table 3, our results demonstrate that DNTs
had the lowest rCBF and rCBV values, followed by FCD
and GGs which had the highest ones. However, the small
number of cases having PWI data tempers these findings,

and further investigations in a larger population are needed
for confirmation. Compared to normal parenchyma, it has
been reported that DNTs had lower rCBV [4] and this is
consistent with our findings. Wang et al. [32] explained the
lower rCBV values of DNTs by the lack of angiogenesis.
However, abnormal permeability was found in our study as
well as an increased CBV in one case with a large DNT
(patient no. 5). To our knowledge, no perfusion MRI
studies on FCD and GGs in children have been reported so
far in the literature.

One of the major findings in our study was that GGs had
a significantly higher Cho/S ratio at short TE than DNTs.
FCD could also be distinguished from GGs by Cr/S and
Cho/Cr ratios at long TE. MR spectroscopy has been
increasingly used in the evaluation of intractable epilepsy
associated with brain tumors during the last years. Some
studies [3, 4, 31] have shown that DNTs are characterized
by their normal spectra, and no significant differences were
detected in NAA/Cho, NAA/Cr, NAA/Cr+Cho, or Cho/Cr
ratios between DNTs and normal brain [4]. Significant
increase of ml/Cr ratio at short TE was also reported in
DNTs compared to normal parenchyma [4]. However,
according to our findings, this spectral pattern can be also
seen in FCD in addition to DNTs. Most GGs have been
shown to display the features of low-grade gliomas with
decreased NAA and increased choline peaks [27], while
FCD is characterized by an elevated Cho and a minimally
decreased NAA [21, 31]. Nonetheless, the decrease in NAA
could be related to functional alterations as demonstrated in
adult patients with temporal and frontal lobe epilepsy
without evidence of brain lesion on MRI [8, 9].

Although many authors tried to characterize FCD,
DNTs, and GGs using MRI, no study comparing the
three lesions in epilepsy children has been reported so far
except one study using '*F-FDG and ''C-methionine PET
in which the authors could separate FCD from DNT and
GG, but not in distinguishing each group from the others
[26].

Conclusion

Preoperative imaging diagnosis of epileptogenic brain
tumors in children is important for the determination of

Table 4 Separation of each

lesion group from the others: Sensibility/specificity DNT (%) FCD (%) GG (%)

sensibility and specificity of

each technique or combination MRI 87.5 88.89 100 100 75 92.31

of techniques MRI+ADC 87.5 100 100 100 100 100
MRS (TE = 135 ms) 62.5 66.67 40 83.33 100 92.31

*Long TE: NAA/S+Cr/S+Cho/S; MRS (TE = 30 ms) 75 77.78 60 83.33 75 92.31

Short TE: NAA/S+Cr/S+Cho/S MRI+ADC+MRS* 100 100 100 100 100 100

+ml/S
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treatment strategies and expectation of outcome. Conven-
tional MRI alone is still insufficient to distinguish DNTs,
FCD, and GGs in some cases. In this study, combination
of conventional MRI, ADC values, and MRS ratios either
at long TE or short TE correctly separated DNT, FCD,
and GG groups with sensitivity and specificity of
100%. Multimodal MRI and MRS could thus help in
patient management and in making surgical decisions.
However, further studies with larger population with
histologically proven lesions are needed to confirm the
present findings.
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