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SUMMARY
Purpose—Interictal increase of 11C-alpha-methyl-L-tryptophan (AMT) on PET can be seen in
cortical epileptic foci, and is particularly common in cortical developmental malformations.
Therefore, in the present study, we evaluated the clinical and histopathological correlates of AMT-
PET abnormalities in children with intractable epilepsy undergoing resective surgery.

Methods—Thirty children (mean age: 6.7 ± 3.2 years) were included in this study. All patients
received AMT PET as part of their presurgical evaluation and subsequently underwent epilepsy
surgery. MRI scans were normal in 15, showed non-specific changes in 8, and suggested
malformations of cortical development (MCD) in 9 children. Asymmetry indices (AIs) were
calculated to determine increased AMT uptake.

Key findings—Histopathology revealed MCD in 16 (53%) children, including 12 with cortical
dysplasia (CD) [mild MCD=3; CD type IA=2; CD type IIA=2 and CD type IIB (severe CD with
balloon cells)=5]. Polymicrogyria and heterotopias (P&H) were seen in 3 cases and subependymal
heterotopias (SEH) in 1 child. The remaining 14 cases showed normal histopathology with
varying degrees of gliosis. Increased AMT uptake was found in all 5 with CD type IIB, and all 3
with P&H, but in none with mild MCD and types IA-IIA CD or SEH. Whereas all 5 children with
CD IIB and 2 with P&H had excellent surgical outcome (class-I), children with milder CD or SEH
had variable surgical outcome. The 14 patients with normal histopathology included 7 patients
with focally increased and 7 with normal AMT uptake. While patients with normal pathology and
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normal AMT-PET had better surgical outcome (class I=5; II=2), those with normal pathology,
normal MRI but abnormal AMT-PET had poor surgical outcome (class III=4; IV=3).

Significance—Increased AMT uptake in children with CD may predict type IIB dysplasia (with
balloon cells) and good surgical outcome Histopathological similarities between CD type IIB and
epileptogenic cortical tubers may imply a common role of the inflammatory kynurenine pathway
of tryptophan metabolism in these lesions. In children with normal histopathology, there is a
subgroup with increased AMT uptake and poor surgical outcome.

Keywords
alpha-methyl tryptophan; cortical dysplasia; epilepsy surgery; malformation of cortical
development (MCD); positron emission tomography (FDG PET)

INTRODUCTION
11C-alpha-methyl-L-tryptophan (AMT) was initially developed as a positron emission
tomography (PET) ligand to measure brain serotonin synthesis (Diksic, et al. 1991).
However, we found that AMT can identify epileptogenic tubers interictally in patients with
tuberous sclerosis complex (TSC) by showing increased uptake in epileptogenic tubers
compared to non-epileptogenic ones, which show low uptake (Chugani, et al. 1998a, Asano,
et al. 2000, Kagawa, et al. 2005). Studies of resected epileptogenic tubers showed high
concentration of quinolinic acid, a neurotoxic and convulsant metabolite of the kynurenine
pathway, suggesting activation of kynurenine pathway to be the key mechanism for
increased AMT uptake in epileptogenic tubers (Chugani & Muzik 2000, Juhasz, et al. 2004).
Subsequently, it was realized that increased AMT uptake in epileptic tissue is not limited to
patients with TSC only, but may also be seen in patients with developmental brain
malformations, particularly those with focal cortical dysplasia(Fedi, et al. 2001, Juhasz, et
al. 2003, Wakamoto, et al. 2008). Since not all malformations of cortical development
(MCD) causing epilepsy are associated with increased AMT uptake on PET, we asked
whether increased AMT uptake in epileptogenic cortex is specific for particular types of
MCD. Therefore, in the present study, we evaluated the clinical and histopathological
correlates of AMT-PET abnormalities in non-TSC, non-tumor children undergoing resective
epilepsy surgery. We hypothesized that the potential ability of AMT PET to predict specific
CD subtypes prior to surgery would have high clinical significance, as histopathological
differences of epileptogenic CDs often translate into important electro-clinical differences
and have significant implication for epilepsy surgery outcome (Tassi, et al. 2002, Fauser, et
al. 2004, Tassi, et al. 2010). Further, this information may contribute to a better
understanding of the underlying mechanisms of epilepsy in MCDs.

METHODS
Subjects

The study group consisted of 30 children (mean age: 6.7 ± 3.2 years; 17 males), who
underwent cortical resection for intractable epilepsy between 1998 and 2008 at the
Children’s Hospital of Michigan/Wayne State University in Detroit. All patients had
undergone pre-operative evaluation with interictal and ictal EEG recordings, MRI, FDG-
PET and AMT-PET scans. Subsequently, they underwent surgical resection after extensive
subdural electrode placement. Six children had one surgery prior to AMT-PET scan and
underwent repeat surgery after the AMT-PET scan. Children with TSC or tumor were
excluded from this study.
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Complete demographic, clinical, neuroimaging and surgical data, including histopathology,
were obtained. In the six children undergoing repeat surgery, neuroimaging, surgical and
histopathological data after the first surgery were included in the present analysis. Seizure
frequency was categorized into 4 groups, with a score of 1 to 4 (1 = ≤ 1 seizure per week, 2
= 2–7 seizures per week, 3 = 1–5 seizures per day, and 4 = > 5 seizures per day). Mean
follow-up duration after surgery was 8.7 ± 1.9 years (3.6–11.3 years) and the latest surgical
outcome was obtained for each child and categorized according to Engel’s classification (I-
IV) (Engel, et al. 1993).

AMT-PET procedure and analysis
PET studies were performed using the CTI/Siemens EXACT/HR whole-body positron
tomograph (Knoxville, TN) located in the PET Center of Children’s Hospital of Michigan.
This scanner has a 15 cm field of view and generates 47 image planes with a slice thickness
of 3.125 mm. The reconstructed image in-plane resolution obtained is 7.5 ± 0.4 mm at
FWHM and 7.0 ±0.5 mm in the axial direction (reconstruction parameters: Hanning filter
with 1.26 cycles/cm cutoff frequency). Twenty-five minutes after tracer injection, a dynamic
emission brain scan (7 × 5 minutes) was acquired in three-dimensional mode. Measured
attenuation and decay correction were applied to the PET images. Children were sedated
intravenously with either nembutal (3 mg/kg) or midazolam (0.2 mg/kg), if necessary. Prior
studies performed on five adults, scanned twice (with and without sedation using
midazolam), have shown no significant difference in brain AMT uptake between the two
testing conditions (Chugani, et al. 1998b, Muzik, et al. 1998). All AMT-PET studies were
performed in compliance with the regulations of Wayne State University Human
Investigation Committee, and written informed consent of the patient, parent or legal
guardian was obtained.

Initially, all AMT-PET scans were evaluated visually for focal areas with increased uptake.
Normally, there should not be any focally increased cortical uptake. Therefore, in this
article, the words ‘increased’ AMT and ‘abnormal’ AMT uptake are used interchangeably.
In addition, the degree of AMT increases were quantified in all cases where increased
uptake was observed visually, using asymmetry indices (AIs) to calculate % increase of
AMT uptake in epileptogenic cortex compared to contralateral homotopic cortex
(Wakamoto, et al. 2008).

Surgical resection
All children underwent extensive subdural electrocorticography (ECoG) and cortical
mapping prior to surgical resection. Although subdural electrode placement was guided by
scalp EEG, ictal semiology as well as clinical neuroimaging (MRI, FDG PET) data,
resection margins were ultimately decided by ECoG findings, including ictal and interictal
epileptiform activity as well as the results of cortical stimulation data. Although surgical
resection was not based on AMT PET findings, the area of increased AMT uptake was
always included in the surgical resection in all children with AMT abnormality since they
corresponded to the electrographically-defined epileptogenic zone. Similarly, the MRI-
visible abnormality (MCD in 6 children) was also included in the surgical resection, with a
variable extension to surrounding cortical areas based on the ECoG results.

Neuropathological evaluation
All resected specimens were subjected to detailed histopathological evaluation, as described
previously (Juhasz, et al. 2003). Resected brain specimens were further re-reviewed by a
neuropathologist (WJK). CD, where present, was classified according to Palmini et al.
(Palmini, et al. 2004). CD was classified as i) mMCD if cortex was essentially normal with
excess ectopic neurons in the molecular layer (layer I) or subcortical white matter, ii) type I
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if cortical disorganization and dyslamination was present without abnormal dysmorphic–
cytomegalic neurons or balloon cells (type IA if only cortical disorganization without any
other abnormalities, or type IB if cortical disorganization was present along with immature
or hypertrophic but not dysmorphic neurons), or iii) type II if there was cortical
disorganization and dyslamination along with abnormal dysmorphic–cytomegalic neurons
and balloon cells (type IIA if only dysmorphic–cytomegalic neurons were present without
balloon cells, or type IIB if balloon cells were also present).

Statistical analysis—Quantitative values are expressed as mean ± SD. Qualitative or
categorical values are given as numbers or percentages. Chi-square test was used to evaluate
the difference between the proportions of various categorical variables for two or more
groups, and t-test or analysis of variance was performed to determine the difference in
various continuous variables. Corresponding non-parametric tests were used wherever
applicable. SPSS 18.0 (SPSS Inc, Chicago, IL) was used for the data analyses.

RESULTS
Complete clinical and demographic details are given inTable-1.

MRI and FDG PET findings
MRI scans were normal in 17 (56.7%) children, showed only non-specific changes from a
previous surgery in 6 (20%), and suggested MCD in 7 (23.3%) children. Focal
hypometabolism was seen in the hemisphere of epileptogenesis in 28 (93.3%) children
including 9 (30%) with bilateral hypometabolism. Two children had hypometabolism in the
hemisphere contralateral to the side of epileptogenesis.

Histopathological findings
Histopathology was reported as MCD in 16 (53%) children, including 12 with CD [mild
MCD=3; CD type IA=2; CD type IIA=2 and CD type IIB (severe CD with balloon cells)=5].
Three children had polymicrogyria and heterotopias, and one child was reported to have
small foci of subependymal heterotopias. Normal histopathology with varying degrees of
gliosis was reported in the remaining 14 (47%) children.

Surgical Outcome
Seventeen children (43.3 %) had excellent surgical outcome (Engel’s class-I and II).
Whereas all 5 children with CD IIB and 2 with polymicrogyria and heterotopias had
excellent surgical outcome (Engel class-I), children with milder CD or subependymal
heterotopias had variable surgical outcome (Engel class-I=1, II=2, III=4, IV=1). Similarly,
children with normal histopathology also had variable surgical outcome (Engel class-I= 5,
II=2, III=4 and IV=3).

Clinical and histopathological correlates of AMT-PET findings
Fifteen children (50%) showed focally increased AMT uptake, which was ipsilateral to the
resection site in all cases. None of the clinical variables, such as age, age at seizure onset,
seizure frequency scores or duration of epilepsy, was found to be significantly different
between children with increased or normal AMT uptake. However, there was a highly
significant difference in histopathological abnormality between children with increased or
normal AMT uptake. While children with increased AMT uptake had either CD type IIB or
polymicrogyria and heterotopias, those with normal AMT uptake had either mMCD or types
IA-IIA CD (p=0.0001). Children with normal histopathology consisted of 2 groups based on
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AMT-PET findings: 7 children each with focally increased or normal AMT uptake (Table
2).

Although there was no overall difference in surgical outcome between children with
increased or normal AMT uptake, there was an interesting relationship between surgical
outcome and AMT uptake, depending upon the underlying histopathology. Among children
with abnormal histopathology (n=16), those with increased AMT uptake, seen in children
with CD type IIB or polymicrogyria and heterotopias, much more often had seizure-free
outcome (7 of 8 children) as compared to those with normal AMT uptake (only 1 of 8 had
seizure-free outcome), seen in children with mMCD or CD types IA-IIA, (p=0.01). On the
contrary, among children with normal pathology, the surgical outcome was worse in
children with increased AMT uptake compared to those with normal AMT PET findings
(p=0.02). Indeed, while all seven children with normal pathology and normal AMT-PET had
good surgical outcome (class I=5; II=2), all seven children with normal pathology but
abnormal AMT-PET had normal MRI and poor surgical outcome (class III=4; IV=3) (Table
2). None of the clinical and seizure variables were found to be different between these two
subgroups (p>0.05 in all comparisons).

DISCUSSION
Two major findings emerge from the present study. First, when increased AMT uptake is
seen in children with CD and intractable epilepsy, the histopathology reveals type IIB (with
balloon cells) and the surgical outcome is favorable (Figure 1). This is an important and
unique finding in that it provides useful prognostic information. The concept that molecular
neuroimaging can be so specific for a particular histopathological subtype is intriguing and
opens up the possibility that other types of histopathology can be predicted noninvasively
with preoperative neuroimaging.

The second major finding of the present study is that among children with intractable
epilepsy and normal histopathology, there is a subgroup showing increased focal AMT
uptake but poor surgical outcome (Figure 2). This subgroup of patients needs further
characterization.

In our present cohort, there were six children who had a resection prior to AMT-PET scan,
followed by a repeat surgery. It may be argued that AMT uptake and overall surgical
outcome might have been influenced by this fact. However, out of these six, only three
children showed increased AMT uptake. Among these three AMT-positive children, AMT
PET was performed 2 and 6 years after the first surgery in two children. We have previously
reported that post-surgical inflammation can lead to short-term (within 2 months) increases
of AMT uptake in the surgical bed (Juhasz, et al. 2004), but we have never seen this years
after surgery. In the third child, AMT PET was done 2 months after the first surgery;
however, the site of increased AMT uptake (medial frontal, resected during the second
surgery) was located remotely from the site of the first surgery (when parts of the lateral
frontal cortex were removed). Therefore, post-surgical inflammation was a very unlikely
cause of increased AMT uptake in any of these three cases. Interestingly, five of these six
children had good surgical outcome (Engel class I-4, II-1), suggesting that previous surgery
or AMT status did not influence the results in this subgroup.

Tryptophan metabolism via kynurenine pathway in epilepsy
Increased tryptophan metabolism (AMT uptake) in the epileptic focus is not due to increased
serotonin synthesis but due to an alternate pathway of tryptophan metabolism (Chugani &
Muzik 2000, Chugani & Chugani 2005). It is known that, in addition to being converted into
serotonin or incorporated into protein, under some circumstances (e.g., ischemia, immune
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activation and epilepsy), tryptophan may be metabolized by tryptophan 2,3-dioxygenase
(Haber, et al. 1993) and indoleamine 2,3-dioxygenase (IDO) (Yamazaki, et al. 1985) via the
kynurenine pathway. IDO is inducible by various inflammatory cytokines, particularly
interferon-gamma (Taylor & Feng 1991). In brain, human microglia has been shown to
express IDO upon interferon-gamma treatment (Heyes, et al. 1996). Recent studies have
provided evidence for activation of microglia (Boer, et al. 2006) and markers of various
inflammatory pathways in epileptogenic tubers as well as in type II dysplasia (Boer, et al.
2008, Iyer, et al. 2010, Shu, et al. 2010); interestingly, these two histologically similar
malformations also show increased AMT uptake on PET. This raises the possibility that, like
tubers, increased AMT uptake in type II CD may be related to abnormal tryptophan
metabolism via the kynurenine pathway. Cytokines appear to have a robust proconvulsive
effect in experimental seizure models (Ravizza, et al. 2008, Vezzani, et al. 2008). In
addition, since several kynurenine pathway metabolites (e.g., quinolinic acid, kynurenine
and 3-hydroxykynurenine) are convulsants acting as agonists at N-methyl-D-aspartate
(NMDA) receptors (Lapin 1978, Perkins & Stone 1982, Vezzani, et al. 1985), accumulation
of these metabolites may also contribute to the epileptogenicity of these lesions.

Indeed, the epileptogenic effect of some kynurenine metabolites has been well demonstrated
in animal studies (Vezzani, et al. 1989). Increased quinolinic acid and kynurenine pathway
enzymes have been reported in epilepsy-prone E1 mice (Nakano, et al. 1993). Lehrmann et
al. showed that activation of microglia and astrocytes after innoculation with hamster
neurotropic measles virus in weanling Balb/C mice was associated with increased levels of
the neurotoxic kynurenine metabolites 3-hydroxykynurenine and quinolinic acid in
hippocampus leading to seizures (Lehrmann, et al. 2008), thus supporting previous data that
kynurenine pathway metabolites might play a role in human epileptogenesis (Feldblum et
al., 1988; Heyes et al., 1990).

Under normal circumstances, tryptophan metabolites of the kynurenine pathway are 100–
1000 times lower than tryptophan concentration in brain (Saito, et al. 1993). In comparison,
the sum of the concentrations of serotonin and its metabolite 5-HIAA is approximately one-
fifth the concentration of tryptophan in brain (Hery, et al. 1977). However, IDO induction
can result in a 10-fold increase of quinolinic acid in brain (Saito, et al. 1993). We found
much higher levels of quinolinic acid in brain tubers showing increased AMT uptake on
PET compared to adjacent brain tissue or tubers not showing increased AMT uptake in
children with tuberous sclerosis (Chugani & Muzik 2000, Juhasz, et al. 2004). These
findings indicate that epileptogenic tubers are associated with IDO induction leading to the
production of endogenous convulsants, and provide an intriguing perspective of
epileptogenesis in TSC and possibly other epileptic disorders.

The similarities between CD type IIB and cortical tubers in TSC may imply a role of IDO
for increased AMT uptake in CD also. In addition, a similar mechanism could be implicated
in the 3 patients with polymicrogyria and heterotopias (P&H), all of whom showed focally
increased AMT uptake. Therefore, these patients may share a similar mechanism of
epileptogenesis to patients with tuberous sclerosis and increased AMT uptake in the
epileptogenic tuber. In contrast, none of the patients with mild MCD and types IA-IIA CD
or subependymal heterotopias (SEH) showed focal areas of increased AMT uptake, thus
suggesting that different mechanisms of epileptogenesis may be accounting for their
seizures.

Subgroup with poor outcome
An interesting finding of the present study is the identification of a group of seven patients
who had several common features, including normal MRI scan and normal histopathology,
but focally increased AMT uptake concordant with ictal EEG localization. These seven
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subjects all had poor surgical outcome (4 had class III and 3 had class IV outcome). Indeed,
the outcomes in these patients were in sharp contrast to the good surgical outcome (class
I=5; II=2) in those seven children who also had normal histopathology, but normal AMT-
PET scans. The basis for the results in the poor surgical outcome group is not clear, as none
of the evaluated clinical variables were different in this subgroup. One could speculate that
perhaps these patients might have an underlying (or additional) diffuse epileptic process,
such as a channelopathy. The notion that focal seizures can occur in epileptic
channelopathies is exemplified in patients with SCN1A mutations, who often present with
prolonged refractory partial seizures.

Limitations
This is a retrospective study with a relatively small sample size, and therefore suffers from
the inherent limitations of a retrospective data analysis, such as inclusion of a biased study
population. Perhaps only those children underwent AMT PET scan who were very
intractable, had very difficult seizure localization or failed epilepsy surgery. Although
extension of the present findings to a more general epilepsy population can be argued on
these grounds, the extreme starkness of the findings suggest that these findings are robust
and will be reproducible in a larger unselected epilepsy population.

Future directions
Clearly, PET scanning with the ligand AMT is a valuable tool not only in the surgical
management of intractable epilepsy, but also in advancing our knowledge of the basic
mechanisms of epileptic disorders. Unfortunately, although PET scanners are now widely
available, few centers have access to AMT. One reason for this is that AMT is labeled with
carbon-11, which has a half-life of only 20 minutes and therefore has to be synthesized on
site using a cyclotron. It would be much more readily available if AMT could be labeled
with fluoride-18, which has a half-life of 110 minutes, allowing it to be transported as in the
case of FDG.

Our findings also highlight the possibility that molecular neuroimaging with PET using
selected tracers may assist in the elucidation of various underlying mechanisms of epilepsy.
Several pharmacological approaches to treating epilepsy with agents aimed at the
kynurenine pathway in animal models have been reported (Chiarugi, et al. 1995, Wu, et al.
2002, Nemeth, et al. 2004, Zhang, et al. 2005). Based on these studies, pharmacological
agents are currently under development targeting the kynurenine pathway as a new option
for the treatment of epilepsy. If such pharmacological agents are applied, AMT PET scans
may be an ideal method of selecting appropriate patients for treatment and monitoring
treatment effects.
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Figure 1.
AMT PET scan (left) showing increased tracer uptake in left parietal lobe in a 8 years old
girl with intractable seizures and normal MRI (middle). Post-surgical histopathology
revealed cortical dysplasia Type-IIB with balloon cells (right: 40x, H&E). The child is
seizure free for 6 years after surgery.
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Figure 2.
AMT PET scan (left) showing increased tracer uptake in right frontal lobe in a 3 years old
boy with intractable seizures and normal MRI (middle). Post-surgical histopathology (right:
40x, H&E) was also normal. The child is having persistent seizures after the surgery.
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Table 1

Demographic and clinical profile

Characteristics

Total number of children 30

Gender 17 males; 13 females

Age at seizure onset* 1.4 ± 1.1 years

Age at AMT scan* 6.7 ± 4.3 years

Seizure duration* 5 ± 3.5 years

Seizure frequency before AMT scan ≤ 1/week (21%); 2–7/week (12.5%); 1–5/day (45.8%); > 5/day (20.8%)

Seizure Type Past or present history of Infantile spasms (46.7%)
Partial or complex partial seizure (30.1%)
Secondary generalization (23.2%)

Histopathology MCD- 16 (53%) [12 CD, 3 PMGH & 1 SHE]
Normal-14 (47%)

Surgery outcome Engel class I-13; II-4; III-8; IV-5

Duration of post-surgical follow-up* 8.7 ± 1.8 years

*
values are given as mean ± SD; AMT:11C-alpha-methyl-L-tryptophan

MCD: malformation of cortical development; CD: cortical dysplasia; PMGH: polymicrogyria and heterotopias; SHE: sub-ependymal heterotopias
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