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Abstract
Purpose Detection of hypometabolic areas on interictal
FDG-PET images for assessing the epileptogenic zone is
hampered by partial volume effects. We evaluated the
performance of an anatomy-based maximum a-posteriori
(A-MAP) reconstruction algorithm which combined noise
suppression with correction for the partial volume effect in
the detection of hypometabolic areas in patients with focal
cortical dysplasia (FCD).
Methods FDG-PET images from 14 patients with refractory
partial epilepsy were reconstructed using A-MAP and
maximum likelihood (ML) reconstruction. In all patients,
presurgical evaluation showed that FCD represented the
epileptic lesion. Correspondence between the FCD location

and regional metabolism on a predefined atlas was
evaluated. An asymmetry index of FCD to normal cortex
was calculated.
Results Hypometabolism at the FCD location was detected
in 9/14 patients (64%) using ML and in 10/14 patients
(71%) using A-MAP reconstruction. Hypometabolic areas
outside the FCD location were detected in 12/14 patients
(86%) using ML and in 11/14 patients (79%) using A-MAP
reconstruction. The asymmetry index was higher using
A-MAP reconstruction (0.61, ML 0.49, p=0.03).
Conclusion The A-MAP reconstruction algorithm improved
visual detection of epileptic FCD on brain FDG-PET images
compared to ML reconstruction, due to higher contrast and
better delineation of the lesion. This improvement failed to
reach significance in our small sample. Hypometabolism
outside the lesion is often present, consistent with the
observation that the functional deficit zone tends to be larger
than the epileptogenic zone.

Keywords FDG-PET. A-MAP. FCD . Hypometabolism

Introduction

Epileptic seizures are the result of abnormal discharges of a
group of nerve cells in specific areas in the grey matter
(GM) tissue of the brain [1]. Malformations caused by
abnormalities of cortical development (MCD) are a common
cause of intractable focal epilepsy [2]. Focal cortical
dysplasia (FCD), characterized by abnormal neuroglial
proliferation, is the most frequent MCD in patients referred
for presurgical evaluation [3, 4]. The histopathology of
FCDs is classified into mild Palmini type I and severe
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Palmini type II [5]. Type I FCDs are characterized by
architectural abnormalities (dyslamination and other mild
abnormalities) with (Ib) or without (Ia) ‘immature’ or giant
neurons. In type II FCDs, dysmorphic neurons with (IIb) or
without (IIa) balloon cells are also present [5].

Surgical resection of the FCD renders 33–75% of individ-
uals seizure-free [6]. The key to the success of resective
surgery is the accurate localization of the region of seizure
onset. On magnetic resonance imaging (MRI), variable
degrees of cortical thickening, blurring of the cortex/white
matter junction, hyperintense signal on T2-weighted, proton
density, or fluid-attenuated inversion recovery (FLAIR)
sequences, and extension of cortical tissue with increased
signal from the surface to the ventricle may be present in
patients with FCD [5]. These lesions, however, are often very
subtle and difficult to detect on standard MR images.

Interictal positron emission tomography (PET) of glucose
metabolism, using 2-[18F]fluoro-2-deoxy-D-glucose (FDG)
has been shown to be a useful and sensitive imaging method
for delineating lesions of focal cortical dysgenesis in infants
[7–11]. In a study of adults with surgically proven FCD,
interictal cortical hypometabolism at the focus of the lesion
on FDG-PET was present in 85–90% of the patients [12].
According to Otsuki, interictal FDG-PET may be more
sensitive in the detection of FCD than MRI, interictal single
photon emission computed tomography (SPECT) and
magnetoencephalography [13]. In patients with neocortical
epilepsy, hypometabolism on FDG-PET images is a
significant positive prognostic factor for a postsurgical
seizure-free outcome, next to the presence of a focal lesion
onMRI and localized ictal rhythms on electroencephalography
(EEG) [14].

The hypometabolic areas on FDG-PET images
corresponding to the FCD can however be very subtle and
difficult to detect. The main reasons for this detection
problem are the limited spatial resolution of the PET system
and the noise affecting PET images [15]. The average GM
thickness, which is about 3 mm [16], is relatively small
compared to the spatial resolution of the current mainstream
PET systems, which is about 5 mm, and to the voxel size
used for brain PET imaging, which is typically about 2 mm
in all directions. Since the thickness and geometry of the
GM varies in the human brain, measuring small brain
structures will lead to an underestimation of tracer activity.
This well-known partial volume effect (PVE) can lead to
spurious hypometabolic regions, resulting in an increased
amount of false-positive hypometabolic regions. Moreover,
because of the finite spatial resolution of the imaging
system, a spillover of activity to neighbouring regions can
occur, leading to a misinterpretation of the extent of
hypometabolic regions.

The anatomy-based maximum a-posteriori iterative
reconstruction algorithm (A-MAP) has recently been

developed to correct for this PVE, and improves the
detection of subtle regions of hypometabolism on FDG-
PET images [17]. The A-MAP algorithm includes the
anatomical information of a brain MR image as a priori
knowledge in a Bayesian reconstruction framework. When
this information is used together with a model for the finite
system resolution, it yields strong PVE correction near
boundaries between different tissue classes, in particular for
structures with small dimensions such as the GM. It has
been shown that the use of the A-MAP algorithm improves
the detection accuracy of small hypometabolic regions on
two-dimensional (2-D) simulated FDG-PET images of the
brain in a human observer study, compared to post-
smoothed maximum-likelihood reconstruction (ML) [18].
In the A-MAP approach, the PVE correction is done during
reconstruction. Alternatively, partial volume correction can
be implemented as a postprocessing technique, to be applied
to an unconstrained ML reconstruction with resolution
recovery. However, a comparison of the two approaches with
theoretical analysis and with simulations [19] revealed more
adverse noise propagation for the postcorrection method.

In this study, we investigated the detection accuracy of
FDG-PET in patients with an MRI-defined FCD as epileptic
lesion and evaluated the usefulness of the A-MAP recon-
struction algorithm compared to standard postsmoothed ML
reconstruction.

Materials and methods

Patient characteristics

A total of 14 patients with refractory partial epilepsy (seven
men, seven women; mean age 38±11 years) who had
undergone a brain PET investigation with 18F-FDG between
September 2000 and July 2004 as part of their presurgical
diagnostic programme were studied retrospectively. The
mean disease duration was 25±13 years at the time of PET
scanning.

The epileptogenic zone was defined using a combination
of seizure semiology, interictal and ictal EEG, optimized
MRI, ictal and interictal 99mTc-ECD brain perfusion
SPECT imaging and SISCOM (subtraction ictal SPECT
coregistered to MRI) analysis. In all patients, a lesion with
the MR characteristics of a FCD was the epileptic lesion.
Six lesions were located in the temporal lobe, five in the
frontal lobe, two in the parietal lobe and one in the insula.
Eight patients underwent epilepsy surgery. Five patients
were rendered seizure-free (Engel I), one almost seizure-free
(Engel II) and two had a worthwhile improvement (Engel III)
[20]. Resection specimens showed cortical dysplasia type I
(n=1), type IIA (n=3), type IIB (n=1), gliosis (n=1),
spongiosis (n=1) and no abnormalities (n=1). The mean
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postoperative follow-up period was 3.4±2.1 years. The
patient characteristics are given in Table 1. The lesion was
unresectable in the other six patients because of its location
near or in the eloquent cortex.

Fifteen healthy age-matched controls were available
from a previous study [21].

Imaging

PET scans were obtained in the interictal state with 18F-FDG
under standard resting conditions (eyes closed in dimmed
ambient light) using an ECAT EXACT HR+ PET scanner
(Siemens, Knoxville, TN). A transmission scan of 10 min
using 68Ge rod sources was acquired in 2-D mode to correct
for photon attenuation. A 3-D mode emission scan of 30
minutes was started 30 min after intravenous injection of
150 MBq 18F-FDG. Continuous EEG monitoring was
performed before injection and during the uptake period of
18F-FDG into the brain to confirm the interictal state.

All subjects underwent high-resolution MR imaging
with a T1-weighted magnetization prepared rapid acquisi-
tion gradient echo sequence (3D-MPRAGE; voxel-size
0.98×0.98×1.20 mm3), a T2-weighted sequence and a
FLAIR sequence. MR imaging was performed on a 1.5 T
Vision Scanner (Siemens, Erlangen, Germany).

Image processing

FDG-PET data were reconstructed using the ML algorithm
with resolution recovery and A-MAP algorithm as described
previously [17, 18]. The transmission scan was reconstructed
using a maximum a-posteriori reconstruction algorithm.
Randoms correction of the 3-D emission scan was performed
on-line using a delayed time window. The reconstructed
attenuation image was used to apply correction for attenuation
and scatter to the 3-D emission data, followed by the Fourier
rebinning algorithm. The obtained 2-D projection data were
reconstructed usingML. To approximately restore the Poisson
statistics, the 2D data were uncorrected for attenuation prior to
reconstruction. We included correction for the attenuation and
for finite spatial resolution in the ML reconstruction. The
resolution recovery assumed a shift-invariant gaussian blur-
ring with a full-width at half-maximum (FWHM) of 5 mm.

Segmentation of the GM, white matter and cerebrospinal
fluid tissues was performed using the Statistical Parametric
Mapping (SPM2) software package (Wellcome Trust Centre
for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/
spm). The rigid transformation was computed to align the
MR image with the postsmoothed ML reconstruction of the
PET data. Then, the same transformation was used to align
the segmentation images of the MRI data with the ML
reconstruction. The anatomical information was resampled to
the PET grid (voxel size 2.25×2.25×2.43 mm3) using linear

interpolation. The ML reconstruction, postsmoothed using a
gaussian kernel with 5 mm FWHM, was used as the initial
image for the A-MAP iterative reconstruction. We used the
same iteration scheme, attenuation correction and resolution
recovery as for the ML reconstruction. For further image
processing and analysis, ML reconstructed images were
spatially normalized to the PET-template available in
SPM2 using nonlinear warping (7×9×7 basis functions,
16 iterations) and the transformation was applied to the
A-MAP reconstructed images.

Evaluation

Visual analysis

For visual analysis of FDG-PET data, a set of volumes-of-
interest (VOIs) created in-house was used, which were
defined according to Brodmann areas with the aid of the
Talairach atlas [22], using PMOD v2.65 (PMOD, Zurich,
Switzerland), as described previously (37 Brodmann areas
per hemisphere) [23]. To adjust to the image characteristics
of normal ML and A-MAP reconstructed images, scans of
15 healthy controls, reconstructed with the same dual
parameter settings, were analyzed. Afterwards, both sets
of FDG-PET images of patients were visually evaluated by
two experienced nuclear medicine physicians blinded to the
results of other investigations and to patient data, including
MRI, to identify cortical VOIs with decreased metabolism.
The final locations of hypometabolism were reached by
consensus. Correspondences between VOIs containing the
lesion and hypometabolic cortical VOIs, as detected blindly
on FDG-PET images, were evaluated for both ML and
A-MAP reconstructed images. Hypometabolism at the
lesion was also compared between the two reconstruction
techniques on a patient basis. Using the coregistered MR
images, hypometabolism at the location of the FCD on
MR images was assessed visually on ML and A-MAP
reconstructed images.

For statistical comparisons, the McNemar test was used
to compare ML and A-MAP reconstructions (Statistica,
version 7; Statsoft, Tulsa, OK). P values <0.05 were
considered statistically significant.

Asymmetry index

On MR images, the FCD was delineated manually and the
VOI was mirrored and transferred to the contralateral
normal cortex (Fig. 1). Average and minimal uptake values
within the VOIs were calculated on ML and A-MAP
reconstructed images using PMOD v2.65 (PMOD, Zurich,
Switzerland). An asymmetry index of the FCD compared to
the normal contralateral cortex was calculated as 1 − (minimal
uptake value in FCD/average uptake value in the contralateral
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cortex). The asymmetry index was compared between ML
and A-MAP reconstructed images using the paired Student’s
t-test. Data are reported as means±SD.

Results

We detected a mean of 8.2±5.2 hypometabolic cortical
VOIs per patient (range 1–14) on ML reconstructed
images and 7.3±4.5 (range 1–14) on A-MAP recon-
structed images. On MR images, lesions corresponded to
3.1±2.1 VOIs (range 1–7; Table 1), depending on lesion
size. Hypometabolism was present in 25/43 lesion VOIs
(58%) using ML reconstruction and in 29/43 (67%) using
A-MAP reconstruction (p=0.29). On ML and A-MAP
reconstructed images, 72/115 (63%) and 59/102 (58%)
hypometabolic cortical areas, respectively, were located
outside the lesion. These extralesional hypometabolic
areas were most often located around the lesion. In four
patients, supplementary hypometabolism in the mid- and

orbitofrontal areas was noted (Table 1). This corresponded
to 5.1±3.8 hypometabolic cortical areas outside the lesion
per patient on ML reconstructed images (range 0–10) and
4.2±3.2 on A-MAP reconstructed images (range 0–10).

On a patient basis, hypometabolism at the lesion was
detected in 10/14 patients (71%) usingA-MAP reconstruction,
and in 9/14 patients (64%) using ML reconstruction (p>0.05).
In one patient, hypometabolism at the FCD located in the
left superior frontal cortex was only detected on A-MAP
reconstructed FDG-PET images, and not on ML recon-
structed images (Fig. 2). Reviewer 1 detected hypometab-
olism at the lesion in 9/14 patients using both A-MAP and
ML reconstruction. The detection rate of reviewer 2
improved from 4/14 patients using ML reconstruction to 6/
14 patients using A-MAP reconstruction. Hypometabolic
cortical areas outside the FCD location were detected in 12/
14 patients (86%) and in 11/14 patients (79%) using ML and
A-MAP reconstruction, respectively (p>0.05).

The asymmetry index of the lesional to normal cortex
was significantly higher in A-MAP reconstructed images

Fig. 1 FLAIR, ML and A-MAP
reconstructed FDG-PET images
from a patient with FCD in the
left posterior parietal cortex
(patient 3) (blue VOI) and
mirrored VOI on the normal
contralateral cortex (purple
VOI). Images are coregistered

Fig. 2 FLAIR, ML and A-MAP reconstructed FDG-PET images from
a patient with FCD in the left superior frontal cortex (patient 8).
Blinded visual interpretation of ML FDG-PET images was negative. A

hypometabolic area was, however, detected on A-MAP reconstructed
FDG-PET images at the location of the FCD. Images are coregistered

1152 Eur J Nucl Med Mol Imaging (2010) 37:1148–1155



than in ML reconstructed images (0.61±0.18 vs. 0.49±0.13;
p=0.03).

When using FDG-PET/MRI coregistration for assessing
hypometabolism at the FCD-VOI visually, the detection
rate of hypometabolism increased to 11/14 patients (79%)
in ML reconstructed images and to 12/14 (86%) in A-MAP
reconstructed images (p>0.05).

Discussion

Detection of hypometabolic areas on FDG-PET images can
be difficult due to PVEs, but is important when assessing
the epileptogenic zone in patients with FCD. Over the last
decade, many groups have developed techniques to correct for

PVE using anatomical information from segmented MR
images after the reconstruction process or as a priori
knowledge in the reconstruction framework [18, 24, 25].
Although PVE-corrected FDG-PET images are likely to be
superior in diagnosing neurodegenerative disorders [26], no
studies have been performed so far to evaluate the
superiority of these reconstruction techniques for FDG-PET
images in epilepsy. In patients with temporal lobe epilepsy
caused by hippocampal sclerosis, who have focal gliosis and
neuronal loss in the hippocampus, amygdala and entorhinal
cortex, the importance of the use of partial volume correction
has been demonstrated for PET measurements of cerebral
metabolic rate for glucose [27], cerebral blood flow [28],
and serotonergic 5-HT1A [29] and central benzodiazepine
receptors [30, 31]. We evaluated the performance of the
A-MAP reconstruction algorithm, which inherently applies
partial volume correction for activity in the GM region, in
the detection of hypometabolic areas on FDG-PET images in
a group of patients with FCD. We had already shown that
the A-MAP reconstruction technique improves the detection
rate of small hypometabolic areas in a human observer study
using 2-D simulated FDG-PET images of the brain
compared to ML reconstruction [18].

In the present study, we showed that the A-MAP
reconstruction technique improved the visual blinded detection
of hypometabolic cortical areas on FDG-PET images associ-
ated with epileptic FCD, on a lesion VOI basis as well as on a
patient basis. This improvement failed to reach significance in
our small sample. Overall, the epileptogenic foci were detected
in 71% and 64% of patients on A-MAP reconstruction andML

Fig. 3 T1, ML and A-MAP reconstructed FDG-PET images from a
patient with FCD in the left parietal cortex (patient 2) (black arrows).
ML FDG-PET images show hypometabolism in the medial frontal
cortex bilaterally (white arrow). This hypometabolism is not seen on
A-MAP reconstructed FDG-PET images (white arrow), suggesting its
false-positive character. Images are coregistered

Fig. 4 A-MAP reconstructed FDG-PET images from a patient with FCD
in the right temporal cortex (patient 6) show clear hypometabolism
(yellow arrows). Visual interpretation also shows a hypometabolic area

in the right inferofrontal cortex (white arrows), representing the
functional deficit zone

Eur J Nucl Med Mol Imaging (2010) 37:1148–1155 1153



reconstruction, respectively, which is in the same range as
reported in the literature. A detection rate of 67%was found in
extratemporal epilepsy in a meta-analysis by Casse et al. [32],
and in a recent study by Salamon et al., lesions were
correctly identified in 71% of patients with cortical dysplasia
using blinded review of FDG-PET scans [33]. They also
found a less-pronounced hypometabolism in type I FCD
than in type II FCD. In individual patients, the FDG
metabolism associated with the FCD was 10–75% less than
that in the contralateral cerebral cortex.

We detected fewer hypometabolic cortical areas outside the
FCD location using A-MAP reconstruction. This difference
was on the one hand caused by a reduction in hypometabolic
cortical areas in the midfrontal and posterior and superior
parietal cortex regions, which was detected on ML recon-
structed images but not on A-MAP reconstructed images. An
example is presented in Fig. 3. These hypometabolic areas on
ML reconstructed images were most likely the result of
PVE, and were thus false-positive. On the other hand,
hypometabolic cortical areas in the immediate surroundings
of lesions detected on ML reconstructed FDG-PET images
were often not visualized on A-MAP reconstructed images.
Together with a higher asymmetry index of the lesion
compared to normal cortex, this better delineation made it
easier to detect the lesion visually on A-MAP reconstructed
images. In extratemporal epilepsy, as in temporal lobe
epilepsy, the hypometabolic area on FDG-PET images is
often more extensive than the pathological abnormality [32].
We also found hypometabolism on ML reconstructed images
and on A-MAP reconstructed images in brain regions
outside the lesion, consistent with the observation that the
functional deficit zone tends to be larger than the epilepto-
genic zone. An example is presented in Fig. 4. We speculate
that this hypometabolism can be attributed to surrounding
inhibition in the areas of seizure propagation, which acts as a
dynamic defence mechanism against seizure propagation,
and may be responsible for the deficits in executive function
that are often observed in patients with temporal lobe
epilepsy [21, 34].

FDG-PET/MRI coregistration has been shown to be
useful in detecting cortical dysplasia in patients with
epilepsy. The addition of FDG-PET/MRI coregistration to
the presurgical protocol enhances the ability to detect FCD,
especially in patients with type I or type II FCD and
nonconcordant EEG and MRI findings. Using this approach,
true-positive FDG-PET/MRI coregistration results have been
found in 44/45 patients (98%) [33]. We also found an
increase in the detection of hypometabolism at the location
of the lesion on FDG-PET images when using FDG-PET/
MRI coregistration. Our findings and those of Salomon et al.
stress the importance of using coregistered FDG-PET and
MR images in the presurgical protocol to improve detection
of the epileptogenic lesion.

In this study, we compared A-MAP reconstruction to
optimized ML reconstruction with resolution recovery. This
may explain the modest improvements that we found in the
detection of hypometabolic areas on FDG-PET images in
our patient group. The benefit of using of the A-MAP
reconstruction algorithm may therefore be greater when
compared to classic ML reconstruction of brain FDG-PET
data without resolution recovery or filtered back-projection,
which are often used in clinical practice.

Conclusion

The A-MAP reconstruction algorithm improves the visual
detection of hypometabolic epileptic FCDs on brain
FDG-PET images compared to ML reconstruction, due
to higher contrast and better delineation of the lesion.
Hypometabolism outside the lesion is present in a
majority of patients, consistent with the observation that
the functional deficit zone tends to be larger than the
epileptogenic zone. FDG-PET/MRI coregistration is
important for optimal detection of the epileptogenic zone
on both imaging modalities.
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