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Epilepsy Surgery Outcome in Children 

With Tuberous Sclerosis Complex Evaluated 

With �-[11C]Methyl-L-Tryptophan Positron 

Emission Tomography (PET)

Kenji Kagawa, MD; Diane C. Chugani, PhD; Eishi Asano, MD, PhD; Csaba Juhász, MD, PhD; Otto Muzik, PhD;

Aashit Shah, MD; Jagdish Shah, MD; Sandeep Sood, MD; William J. Kupsky, MD; Thomas J. Mangner, PhD; 

Pulak K. Chakraborty, PhD; Harry T. Chugani, MD

ABSTRACT

Tuberous sclerosis complex is commonly associated with medically intractable seizures. We previously demonstrated that
high uptake of �-[11C]methyl-L-tryptophan (AMT) on positron emission tomography (PET) occurs in a subset of epilepto-
genic tubers consistent with the location of seizure focus. In the present study, we analyzed the surgical outcome of children
with tuberous sclerosis complex in relation to AMT PET results. Seventeen children (mean age 4.7 years) underwent epilepsy
surgery, guided by long-term videoelectroencephalography (EEG) (including intracranial EEG in 14 cases), magnetic res-
onance imaging (MRI), and AMT PET. AMT uptake values of cortical tubers were measured using regions of interest delineated
on coregistered MRI and were divided by the value for normal-appearing cortex to obtain an AMT uptake ratio. Based on
surgical outcome data, tubers showing increased AMT uptake (uptake ratio greater than 1.00) were classified into three cat-
egories: (1) epileptogenic (tubers within an EEG-defined epileptic focus whose resection resulted in seizure-free outcome),
(2) nonepileptogenic (tubers that were not resected but the patient became seizure free), or (3) uncertain (all other tubers).
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Tuberous sclerosis complex is a neurocutaneous disorder char-
acterized by tumorous growths that involve multiple organs, includ-
ing the brain, retina, kidney, heart, and skin.1 It is inherited as an
autosomal dominant trait with a high degree of penetrance and a
high spontaneous mutation rate, now known to result from muta-
tions in at least two different genes, TSC1 on chromosome 9 and
TSC2 on chromosome 16.2,3 Approximately 70% to 90% of patients
with tuberous sclerosis complex have seizures,4,5 and the seizures
are often refractory to anticonvulsant drugs. 

Patients with tuberous sclerosis complex and intractable
epilepsy typically have multiple cortical tubers that can result in
a complex seizure pattern.6 For this reason, surgical treatment in
patients with tuberous sclerosis complex was previously restricted
to surgical resection of subependymal giant cell astrocytomas,
which can cause obstructive hydrocephalus secondary to block-
age of cerebrospinal fluid pathways but are not considered to be
epileptogenic.7–9 With the recent advances of electrophysiologic
monitoring techniques and multimodality neuroimaging, which
can improve the detection of epileptogenic foci in tuberous scle-
rosis complex, several investigators have reported successful cases
of surgical treatment following resection of tuber and surround-
ing epileptogenic tissue.6,10–14 Anatomic neuroimaging with com-
puted tomography and magnetic resonance imaging (MRI),
especially fluid-attenuated inversion recovery images, can demon-
strate accurately the locations of tubers and calcifications.15–18 A
recent preliminary study has also suggested that diffusion-weighted
MRI might be able to identify epileptogenic tubers.19 Functional neu-
roimaging with fluorodeoxyglucose (FDG) positron emission
tomography (PET) shows decreased interictal glucose metabolism
corresponding to the location of tubers and calcifications.20,21 How-
ever, FDG PET cannot differentiate between epileptogenic and
nonepileptogenic tubers. Furthermore, even in cases with lobar

seizure onset as defined by scalp ictal electroencephalographic
(EEG) recordings, it is difficult to identify the precise location of
epileptogenesis. 

We recently demonstrated that PET with �-[11C]methyl-L-
tryptophan (AMT), a tracer of serotonin synthesis and tryptophan
metabolism via the kynurenine pathway, is able to identify a sub-
set of tubers with high tracer uptake consistent with the location
of seizure onset defined by seizure semiology and ictal EEG in two
thirds of patients with tuberous sclerosis complex and intractable
epilepsy, whereas the remaining (nonepileptogenic) tubers showed
low uptake of AMT.22,23 However, surgical outcome following resec-
tion of the presumed epileptic focus is the ultimate criterion to ver-
ify accurate delineation of the epileptogenic zone. In the present
study, we analyzed the surgical outcome at our center in children
with tuberous sclerosis complex in whom AMT PET assisted in iden-
tification of epileptic foci during presurgical evaluation. 

SUBJECTS AND METHODS

Subjects

Between November 1996 and March 2003, 87 patients who fulfilled the diag-

nostic criteria for definite tuberous sclerosis complex1 and intractable epilepsy

underwent AMT PET scanning at the Children’s Hospital of Michigan PET Cen-

ter. All studies were performed in accordance with the regulations of the Wayne

State University Human Investigation Committee, and informed consent of

the patient, parent, or legal guardian was obtained. From these 87 patients

with tuberous sclerosis complex, 40 patients were followed and evaluated

for epilepsy surgery in our center, whereas 47 patients were referred from

other centers and were evaluated for surgery elsewhere. Seventeen of the 

40 patients evaluated by us have undergone surgery thus far (8 males and 

9 females; mean age at surgery 4.7 ± 3.7 years; age range 4 months–12.3 years;

Table 1). Ten patients did not undergo epilepsy surgery because a consensus

of the patient selection criteria for surgical treatment24 was not reached. 

Fourteen of the 17 patients underwent two-stage surgery with subdural

grid electrodes placement, followed by focal cortical resection or lobectomy.

One-stage resective surgery was performed in the remaining three patients,

who showed an extensive hemispheric tuber (patients 8 and 13) and large

tubers with calcification remote from the eloquent area (patient 9). Patients

with one-stage surgery underwent intraoperative electrocorticography to

define the extent of resection. Two patients ( 2 and 10) had repeated surgery,

and in such cases, the outcome is reported after the second surgery. Sur-

gical outcome was assessed using Engel’s modified classification scheme25:

class I, seizure free; class II, rare seizures; class III, worthwhile improve-

ment; class IV, no worthwhile improvement. 

Increased AMT uptake was found in 30 tubers of 16 children, and 23 of these tubers (77%) were located in an EEG-defined
epileptic focus. The tuber with the highest uptake was located in an ictal EEG onset region in each patient. Increased AMT
uptake indicated an epileptic region not suspected by scalp EEG in four cases. Twelve children (71%) achieved seizure-free
outcome (median follow-up 15 months). Based on outcome criteria, 19 of 30 tubers (63%) with increased AMT uptake were
epileptogenic, and these tubers had significantly higher AMT uptake than the nonepileptogenic ones (P = .009). Tubers with
at least 10% increase of AMT uptake (in nine patients) were all epileptogenic. Using a cutoff threshold of 1.02 for AMT uptake
ratio provided an optimal accuracy of 83% for detecting tubers that needed to be resected to achieve a seizure-free outcome.
The findings suggest that resection of tubers with increased AMT uptake is highly desirable to achieve seizure-free surgi-
cal outcome in children with tuberous sclerosis complex and intractable epilepsy. AMT PET can provide independent
complementary information regarding the localization of epileptogenic regions in tuberous sclerosis complex and enhance
the confidence of patient selection for successful epilepsy surgery. (J Child Neurol 2005;20:429–438). 
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EEG Evaluation

All patients underwent long-term video-EEG monitoring with scalp/

zygomatic electrodes to identify the location of seizure onset and to char-

acterize the ictal semiology. Scalp EEG electrodes were placed according

to the International 10-20 system. To further delineate the cortical areas to

be resected and to identify sensorimotor cortex, 14 patients underwent sub-

dural electrode placement, the locations of which were guided by seizure

semiology, seizure onset zone as determined by scalp EEG, and the loca-

tion of tubers defined by MRI and FDG and AMT PET abnormalities. Sub-

sequently, intracranial video-EEG monitoring for 2 to 5 days was performed

to record ictal events and interictal activity. In every patient, at least three

habitual seizures were captured and analyzed. Seizure onset electrodes were

defined as electrodes involved in ictal EEG onset consisting of sustained

rhythmic discharges or periodic spiking discharges with frequency > 2 Hz

showing spatial evolution, which are visually distinguishable from back-

ground activity and not attributed to the state of arousal.26

MRI Scanning Protocol  

MRI studies were performed on a GE 1.5 Tesla Signa unit (GE Medical Sys-

tems, Milwaukee, WI). The protocol includes four multiplane acquisitions with

different contrasts and orientations. First, a T2-weighted fast spin echo series

employing a 16 echo-train length is performed in axial plane with a repeti-

tion time of 4900 milliseconds, an echo time of 85 milliseconds, and a 256 �

192 matrix for a field of view of 220 mm in the frequency direction and 165

mm in the phase direction. The second scan is a volumetric T1-weighted

spoiled gradient echo sequence obtained with 124 contiguous coronal slices

of 1.5 mm thickness and no gap to cover the entire head using the following

image parameters: repetition time/echo time = 35/5 milliseconds, flip angle

= 35 degrees, matrix = 256 � 128, and field of view = 240 mm. The third MRI

series corresponds to an axial spin-echo T1-weighted acquisition with a rep-

etition time/echo time of 450/9 milliseconds, 2 excitations, field of view of 

220 mm in the frequency direction and 165 mm in the phase direction, slice

thickness of 5 mm, a 50% gap, and a matrix of 256 � 192. Finally, a fluid-

attenuation inversion recovery coronal series was performed with an inver-

sion time of 2400 milliseconds and the following sequence parameters:

repetition time/echo time = 9600/150 milliseconds, slice thickness = 5 mm,

50% gap, field of view = 220 mm, matrix = 256 � 192, and 2 excitations. 

PET Scanning Protocol

PET studies were performed using the CTI/Siemens EXACT/HR (Knoxville,

TN) whole-body positron tomograph. This scanner generates 47 image

planes with a slice thickness of 3.125 mm. The reconstructed image in-plane

resolution obtained is 5.5 ± 0.35 mm at full width at half-maximum and 

6.0 ± 0.49 mm in the axial direction (reconstruction parameters: Shepp-Logan

filter with 1.1 cycles/cm cutoff frequency) for the FDG PET scan and 

7.5 ± 0.38 mm at full width at half-maximum and 7.0 ± 0.49 mm in the axial

direction (reconstruction parameters: Hanning filter with 1.26 cycles/cm cut-

off frequency) for the AMT PET scan. The FDG and AMT PET scans were

performed on different days. Sedation with intravenous nembutal (3 mg/kg)

or midazolam (0.2–0.4 mg/kg) and fentanyl (1 �g/kg; maximum 50 �g) was

used, if necessary. For FDG studies, sedation was administered during the

scanning period only.

FDG PET Scan

Patients were fasted for 4 hours prior to the PET study. Scalp EEG electrodes

were placed according to the International 10-20 system, and the EEG was

monitored throughout the tracer uptake period. All scans reported in this

study were performed interictally. One venous line was established for

injection of FDG (0.143 mCi/kg) synthesized using a CTI/Siemens RDS-11

cyclotron. Calculated attenuation correction was applied according to the

method of Bergstrom et al.27

AMT PET Scan

Patients were fasted for 6 hours prior to the PET study to obtain stable plasma

tryptophan levels during the course of the study. Scalp EEG was monitored

continuously. The tracer AMT (0.1 mCi/kg) was injected intravenously as

a slow bolus over 2 minutes. Twenty-five minutes following tracer injection,

a dynamic emission scan of the brain (7 � 5 minutes) was acquired in

three-dimensional mode. Measured attenuation and decay correction were

applied to all images. The standard uptake value method for semiquantitative

analysis of tracer accumulation was used.28 The standard uptake value rep-

resents tissue activity concentration normalized to the injected activity

per kilogram of body weight. As all patients received a standardized dose

based on their weight (0.1 mCi/kg), calibrated images (�Ci/cc) directly

depict the standard uptake value.29

Definition of Cortical Tubers

In the present study, the term “tuber” includes all cortical lesions imaged

because the exact histology is not known based on neuroimaging alone.

Nodular lesions in the cortex that were hyperintense or heterointense with

calcification on the fluid-attenuated inversion recovery or T2-weighted images

and focal nodular cortical hypometabolic regions on the FDG PET images were

counted as cortical tubers. The number and location of cortical tubers were

visually identified on the fluid-attenuated inversion recovery or T2-weighted

MRIs and FDG PET scans. Because the exact borders of some of the lesions

can be difficult to delineate, all scans were enlarged on a 19-inch monitor, and

the contrast was adjusted to optimize the separation of the identified lesion

from the surrounding normal-appearing cortex. A complex consisting of a focal

nodular lesion and the cortex overlying the focal nodular lesion was counted

as a cortical tuber when the overlying cortex appeared to be dysplastic on MRI

(usually associated with hypometabolism on FDG PET). Hyperintense lesions

within the white matter, such as subcortical heterotopias or radial migration

lines, were not considered cortical tubers. AMT PET scans were coregistered

with MRI and FDG PET scans by using MPI-tool (Advanced Tomo Vision, 

Erftstadt, Germany), a software package employing a multipurpose three-

dimensional registration technique.30 The coregistration method is highly

interactive and is based on the simultaneous alignment of image contours that

are exchanged in three orthogonal cuts through the brain. The maximal mis-

registration error is 0.5 mm for the PET/MRI coregistration.30

Regions of Interest

Regions of interest for the cortical tubers and normal-appearing cortex were

delineated on fluid-attenuated inversion recovery or T2-weighted images,

as described previously,23 using a semiautomated threshold-based soft-

ware program written in IDL 5.1 (Research Systems, Boulder, CO), similar

to that described by Kennedy et al.31 The regions of interest were directly

copied to the coregistered AMT PET images (Figure 1, A and B). The aver-

age standard uptake value for regions of interest was determined as a

weighted average over all planes showing the region. 

Partial volume effects, which are related to underlying subresolution

heterogeneity (gray and white matter in brain tissue), as well as spillover

between regions owing to the limited spatial resolution of PET, lead to incor-

rect estimation (under- and overestimation) of the true regional concen-

trations of radioactivity.32 Contamination of tracer activity from adjacent

cortex can distort the AMT uptake value in cortical tubers. Although the par-

tial volume effects associated with tubers with large and circular structures

are small, partial volume effects associated with small, thin, and irregularly

shaped tubers can cause large distortions of AMT uptake values.33 To test

�-[11C]Methyl-L-Tryptophan Positron Emission Tomography and Surgical Outcome in Tuberous Sclerosis Complex/ Kagawa et al 431
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the effect of such distortions on our calculations, initially, AMT uptake ratios

of two of such small tubers (in patients 4 and 11) were measured and the

calculated uptake ratios were 1.09. However, visual inspection of the AMT

PET images did not reveal any obvious increases compared with the sur-

rounding cortex (Figure 2), whereas other larger tubers clearly showed up

on visual evaluation when their calculated uptake ratio values exceeded 1.05

(> 5% increase compared with surrounding normal cortex). Both of these

small tubers were located in the hemisphere contralateral to the epileptic

focus whose resection alleviated seizures. Therefore, to minimize the par-

tial volume effects, very small (tubers whose size is less than spatial reso-

lution of the AMT PET scan) and thin (seen only in one plane of images)

tubers were not considered. 

Data Analysis

We previously reported that the AMT uptake ratios of tubers localized in

the epileptic lobe were higher than those in the nonepileptic lobe, and

even the tubers with mild increases in AMT uptake could be related to the

epileptiform activity.23 Therefore, to obtain AMT uptake ratios for each

tuber, standard uptake values determined in cortical tubers were divided

by standard uptake values determined in surrounding normal cortex. Tuber

uptake ratios of tubers located in frontal, temporal, and parietal regions of

interest were calculated with values obtained from surrounding normal

frontal, temporal, and parietal cortex, whereas uptake ratios of tubers

located in the occipital lobe were calculated using the standard uptake val-

ues obtained from normal occipital cortex. This is necessary because AMT

uptake in the occipital cortex is higher than in other cortical regions, which

show a relatively homogeneous pattern of activity.34 AMT uptake ratios of

the cortical tubers were calculated in all patients. As in previous studies,23

we defined the tubers with increased AMT uptake as regions with the AMT

uptake ratio > 1.00 (typically, most tubers show AMT uptake much less than

that of surrounding cortex, with an uptake ratio < 1.00). Only tubers show-

ing increased AMT uptake were included into further analysis for com-

parisons with ictal EEG findings and surgical outcome data. 

Tubers with increased AMT uptake were considered to be in the EEG-

defined seizure onset zone if at least one subdural electrode overlying the

tuber participated in seizure onset or, in the three patients with no intracra-

nial EEG monitoring, if the tuber was located in a lobe showing seizure onset

on scalp ictal EEG recording.

Because seizure-free surgical outcome is the ultimate goal for defin-

ing epileptic brain tissue, we have classified each tuber with increased

AMT uptake as epileptogenic, nonepileptogenic, and uncertain epilepto-

genicity, based on outcome criteria. The criteria for this categorization

were as follows: 

1. Epileptogenic tubers were defined as tubers whose resection was fol-

lowed by seizure-free outcome. The uptake ratios of epileptogenic

tubers are indicated with an asterisk in Table 1. 

2. Nonepileptogenic tubers were defined as tubers with increased AMT

uptake that were not resected, but the patient became seizure free

after resection of other areas. 

3. Tubers with uncertain epileptogenicity included all other tubers with

increased AMT uptake. These included tubers with increased AMT

uptake occurring in patients who did not become seizure free after

resection. 

AMT uptake ratios in epileptogenic versus nonepileptogenic tubers were

compared using the Mann-Whitney U test. A P value < .05 was considered

significant. Furthermore, to determine an optimal tuber uptake ratio for detec-

tion of epileptogenic tubers based on the above-described surgical outcome

criteria, a receiver operating characteristic analysis was applied to the

tubers with increased AMT uptake, which could be classified as either

epileptogenic or nonepileptogenic. Tubers with uncertain epileptogenicity

were not included in this analysis. We computed sensitivity (epileptogenic

tubers above a cutoff threshold/all epileptogenic tubers) and specificity

(nonepileptogenic tubers below a cutoff threshold/all non-epileptogenic

tubers), using varying cutoff thresholds of the tuber uptake ratio.

Surgical Planning

For each patient, findings of video-EEG monitoring, MRI, neuropsychologic

testing, and FDG PET and AMT PET were presented and discussed at a mul-

tidisciplinary surgical planning meeting, and the combined localizing infor-

mation provided by these data was used to decide surgical resection and

to design the location and extent of subdural grid coverage. Patients with

nonlocalizing AMT PET were not rejected from surgery if electroclinical find-

ings provided sufficient localization. In cases with intracranial EEG record-

ing, this EEG information was used to tailor the resection, targeting areas

involved in seizure onset, early spread, and areas showing frequent 

(in general, > 10 spikes/minute) interictal spiking, unless they occurred in

eloquent cortex. 

RESULTS

MRI and FDG PET Findings

In the 17 patients, 179 tubers (mean 11 ± 9 per patient; range 1–37)
were identified on MRI. In all but 2 patients, multiple cortical
tubers were found in both hemispheres. Two patients ( 8 and 14)
exhibited a single tuber. On the other hand, two patients ( 8 and
13) had a giant tuber occupying almost the entire hemisphere.
Interictal FDG PET images revealed foci of decreased glucose
metabolism in cortical regions corresponding to the location of cor-
tical tubers and surrounding dysplastic cortices. 

Scalp EEG Findings

The EEG results are summarized in Table 1. Interictal scalp EEG
showed multifocal spike and wave discharges or generalized dis-
charges in both hemispheres in 13 of the 17 patients (76%) and focal
interictal epileptiform activity in 4 patients ( 6, 8, 14, and 17). Ictal
scalp EEG showed prominent focal or regional abnormality (seizure
onset involved one or two adjacent lobes) in eight patients, mul-
tifocal but clearly unihemispheric abnormality in five patients (6,
8, 9, 10, and 14), one hemisphere involved without further local-
ization in two patients (12 and 13), and bilateral onset with dom-
inance over one hemisphere in two cases (3 and 7). 

AMT PET Findings

Thirty tubers (30 of 179; 16.8%) had increased AMT uptake (ratio
at least 1.01) in 16 patients. Seven patients showed a single region
of increased AMT uptake, six patients showed two regions, and
three patients showed three or more regions with increased AMT
uptake (see Table 1). One patient (5) showed an obvious increase
in AMT uptake in cortex adjacent to a tuber but not in the tuber
itself (Figure 3, A–C); the value measured in the adjacent cortical
region (rather than the tuber value itself) is included in the table.
Resective surgery included both the tuber and surrounding cortex.
The cortex with increased AMT uptake adjacent to the tuber
showed cortical dysplasia with balloon cells, as confirmed by
pathologic examination (Figure 3, D and E). However, cortical
dysplasia was also present in resected cortical tissue, which did
not show increased AMT uptake.
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Relationship Between Ictal EEG and AMT PET Results

Twenty-four tubers showed increased AMT uptake ipsilateral to the
epileptic focus, and 23 of these occurred in a region showing
seizure onset, confirmed by intracranial EEG monitoring for 20
tubers (and only by scalp EEG in the remaining three patients
who did not undergo intracranial EEG monitoring) (Figure 4).
Thus, altogether, 77% (23 of 30) of the tubers with increased AMT
uptake were located in the EEG-defined seizure onset area(s),
and tubers with AMT uptake ≥ 1.08 (at least 8% increase) were all
in seizure onset regions (13 of 13; 100%). Increased tuber AMT
uptake correctly detected additional areas with seizure onset not
found on ictal scalp EEG but confirmed by intracranial EEG in three
patients (6, 11, and 16). In addition, one tuber (in patient 15, with
a right frontotemporal focus) showed a mild increase (uptake
ratio 1.01) in a region (right parietal) that was not involved in
onset of seizures but showed frequent interictal spiking on intracra-
nial EEG. Another tuber (in patient 1) showed a mild increase

(1.02) ipsilateral to the epileptic focus but outside the lobe show-
ing ictal EEG onset, which contained a tuber with an increased
uptake ratio of 1.17. 

Six patients had a single tuber with increased AMT uptake
(uptake range 1.01–1.07) in the hemisphere contralateral to the
epileptic focus on EEG. However, in all patients with multiple
tubers with increased AMT uptake (including these six with bilat-
eral increases), the tuber with the highest uptake always occurred
in an EEG-defined epileptic region. Further, in patients with a sin-
gle tuber with AMT increase, this tuber was always located in an
EEG-defined epileptic region. 

The EEG-defined epileptic cortex extended beyond the lobe(s)
containing tuber(s) with increased AMT uptake in seven patients
(4, 9, 10, 12, 14, 15, and 16), including three of five patients with
class III or IV outcome. 

Surgical Outcome

The surgical outcome for each patient is shown in Table 1. The 
follow-up period ranged from 5 to 58 months (median 15 months;
mean 22.5 ± 17 months). Twelve patients (12 of 17; 71%) achieved
seizure-free outcome (class I), including two patients (2; see 
Figure 1, C-D, and patient 10) who required more extensive resec-
tion following the first surgery (performed at another center in
patient 10), and two patients had class III outcome. In three of the
five patients who continued to have seizures postoperatively
(classes III and IV), cortical tubers with increased AMT uptake
and/or the adjacent cortex had been incompletely resected owing
to the involvement of eloquent cortex (patients 7 and 14), or a num-
ber of tubers were present in the contralateral homologous area
(patient 15). Among three patients with class IV outcome, one
patient (15) achieved considerably improved cognitive function fol-
lowing surgery. These outcome data indicate that surgical treatment
was of benefit in 15 patients (88%). The remaining two patients did
not show any improvement in seizure frequency or cognitive func-
tion following surgical treatment. 

Relationship Between Surgical Outcome 

and AMT PET Findings 

All 12 patients with seizure-free outcome had cortical tuber(s)
with increased AMT uptake in the region of the seizure focus, con-
cordant with the ictal EEG localization. Based on the outcome cri-
teria, 19 tubers with increased AMT uptake were epileptogenic and
6 tubers were nonepileptogenic, whereas the epileptogenicity of
the remaining 5 tubers with increased AMT uptake (in 4 patients
who continued to have seizures after surgery) remained uncertain.
Mean AMT uptake was significantly higher in epileptogenic tubers
(1.18 ± 0.24) than in nonepileptogenic tubers with increased AMT
uptake (1.03 ± 0.08; P = .009). Further, tubers with AMT uptake of
at least 1.10 (ie, ≥ 10% increase compared with surrounding nor-
mal cortex; n = 11 tubers in nine patients) were unequivocally epilep-
togenic, whereas all nonepileptogenic tubers showed an increase
of less than 4% (uptake ratio between 1.01 and 1.03). Consistent
with this, the receiver operating characteristic analysis showed that
a cutoff threshold of AMT uptake ratio of 1.03 resulted in a speci-
ficity of 100% for detecting epileptogenic tubers and a sensitivity
of 74% (82% accuracy). A further increase in the cutoff threshold
decreased sensitivity, whereas a cutoff threshold of 1.02 provided
83% sensitivity and 84% specificity (83% accuracy) for detecting
epileptogenic tubers as defined by outcome.
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Figure 1.  Magnetic resonance images (MRIs) and �-[11C]methyl-L-
tryptophan (AMT) positron emission tomographic (PET) scans in a 12-
year-old girl with tuberous sclerosis complex (patient 2). A, Preoperative
T2-weighted MRI shows several cortical tubers in which regions of inter-
est are delineated using a semiautomated program. B, AMT PET
image with regions of interest copied from the MRI. One of the tubers
showed increased AMT uptake, whereas other, smaller tubers showed
decreased AMT uptake. There were other regions that were possibly
abnormal but did not show a cortical tuber. T1-weighted MRI (C) and
AMT PET scan (D) after resective surgery shows a residual region of
increased AMT uptake at the border of the right frontoparietal resec-
tion. Although this patient had class III outcome after the first surgery,
she became seizure free following a second surgery after resection
of the residual epileptogenic area with increased AMT uptake.  
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AMT PET Findings in Nonsurgical Patients or Patients

Who Underwent Surgery in Other Centers

Of the 70 patients who had AMT PET performed but did not undergo
surgery in our center, 32 were known to be not considered for resec-
tive epilepsy surgery owing to a lack of convincing electroclinical
data to justify focal cortical resection. In these 32 nonsurgical
patients, none of the tubers showed increased AMT uptake in 22 (69%)
patients, 5 (15.5%) patients had bilateral, multifocal increases, and
only 5 (15.5%) patients had one or more tubers with increased AMT
uptake on one side of the brain. However, these were all mild
increases, with only one tuber exceeding the AMT ratio of 1.03. In
the remaining 38 of the 70 children, AMT PET showed one or more
tubers with increased AMT uptake in all but 3 cases. Twelve of
these patients are known to have undergone surgery in other insti-
tutions: seven had Engel class I or II outcome after 12 to 53 months
of follow-up, three showed worthwhile improvement (after 2, 28, and
48 months), and two patients had class IV outcome (including one
with no increased AMT uptake). The surgical decision is still pend-
ing, or no follow-up data were available for the other 26 patients. 

DISCUSSION

Our study confirms that a considerable proportion of children with
tuberous sclerosis complex and intractable epilepsy can be ren-
dered seizure free after careful presurgical evaluation using multi-
modality imaging. In our series, seizure freedom was achieved in 71%
(12 of 17) of patients with tuberous sclerosis complex and intractable
epilepsy. This outcome figure is probably an underestimation because
three subjects did not have complete resection of the epileptic
region identified by increased AMT uptake owing to their location
in eloquent cortex or the presence of tubers in the contralateral
homologous region. If these three patients are not considered in the
analysis of outcome, there would be 12 seizure-free patients of 14
(86%) with class I outcome. The vast majority of tubers with increased
AMT uptake were epileptogenic by both intracranial EEG and out-
come criteria, and tubers with at least a 10% increase in uptake
were all epileptogenic using the seizure-free outcome criterion. On
the other hand, patients with nonlocalizing AMT PET are less likely
to be candidates for successful resective epilepsy surgery.

Figure 2.  A very small tuber (location denoted by
arrows) delineated on fluid-attenuated inversion
recovery magnetic resonance imaging in patient 11.
Although the calculated �-[11C]methyl-L-tryptophan
uptake ratio was 1.09, no apparent increase was seen
on visual evaluation. Because a similar phenome-
non was observed in other cases, very small tubers
were not included in the final analysis.

Figure 3.  Fluid-attenuated inversion recovery magnetic
resonance images (MRIs), fluorodeoxyglucose (FDG)
positron emission tomography (PET), �-[11C]methyl-L-
tryptophan (AMT) PET, and histology in a 6.3-year-old boy
(patient 5) with tuberous sclerosis complex and intractable
epilepsy. A, Fluid-attenuated inversion recovery MRI
shows a single cortical tuber (delineated area with arrow-
head) in the right temporal region. B, FDG PET scan
shows extensive cortical hypometabolism in the region
of tubers seen on MRI (circled area with arrowhead), as
well as the dysplastic cortex adjacent to a tuber (arrow).
C, AMT PET scan shows more prominent increase of
AMT uptake in the dysplastic cortex (arrow; AMT uptake
ratio 1.17) adjacent to the tuber than in the region of the
right temporal cortical tuber (delineated area with arrow-
head; AMT uptake ratio 1.0). D, An area of dysplastic cor-
tex showing poor definition of laminar architecture,
irregularly arranged large neurons in layer four (larger
arrows), and clusters of small neurons in lamina 1 (smaller
arrow). No tuber is present in this area (Luxol fast blue/cre-
syl violet; original magnification, �25). E, Details of large
dysplastic neurons (arrows) in layer four (Luxol fast
blue/cresyl violet; original magnification, �100). 
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Outcome of Epilepsy Surgery in Tuberous Sclerosis

Recent studies on surgical outcome in tuberous sclerosis complex
reported that approximately half of the patients could be rendered
seizure free without use of multimodality imaging techniques during
presurgical evaluation. Avellino et al reported that 6 of 11 patients
with tuberous sclerosis complex who underwent surgical resection
became seizure free after surgery.11 Guerreiro et al described 
18 patients with tuberous sclerosis complex undergoing surgical
treatment.12 Seven of these patients underwent corpus calloso-
tomy, and the remaining 11 patients underwent resective surgery.
The outcome of the 11 patients treated by resection was seizure free
in 5 patients (45%). In a more recent study, Jarrar et al reported 
59% seizure freedom 1 year after surgery, which decreased to 42%
in those who had been followed for at least 5 years.14

The major difficulty of localizing and completely resecting
epileptogenic regions in patients with tuberous sclerosis com-
plex is that despite the common presence of multiple and bihemi-
spheric cortical tubers, seizures can arise from restricted regions

related to a single tuber.10 MRI and interictal FDG PET abnor-
malities cannot typically distinguish between epileptogenic and
nonepileptogenic tubers. Ictal studies using single photon emis-
sion computed tomography have sometimes been helpful in this
regard,13,14,35,36 Still, ictal studies are often difficult to accomplish
in children with tuberous sclerosis complex because their seizures
are typically brief. A strong advantage of AMT PET is that it is per-
formed in the interictal state and can identify epileptogenic cor-
tical tuber(s) despite multifocal EEG abnormalities and multiple
neuroimaging abnormalities. 

In the present series, five patients continued to have seizures
postoperatively. Three of these had incomplete surgical resection of
the cortical tubers with increased AMT uptake. Two of the 12 patients
who achieved class I outcome became seizure free only after a sec-
ond resection. These included patient 2, who underwent a right fron-
toparietal resection and temporal lobectomy at our center following
AMT PET scanning but continued to have seizures. Repeat AMT
PET showed residual areas of increased AMT uptake in the anterior

Figure 4.   B and C, Interictal fluorodeoxyglucose
(FDG) positron emission tomographic (PET) scan
showed multifocal nodular hypometabolic regions,
including the left inferior and medial parietal regions
(arrowheads). Based on the ictal EEG and FDG PET
findings, possible epileptogenicity in the left medial
parietal region could not be ruled out. D and E,
Increased �-[11C]methyl-L-tryptophan (AMT) uptake
confined to the left inferior lateral parietal region
(arrow); this finding enhanced the confidence of
localizing the epileptogenic tuber. F and G, Three-
dimensional reconstructed surface magnetic reso-
nance images superimposed with subdural
electrodes. F, Nodular glucose hypometabolic areas
are indicated by encircled violet areas in the left
inferior parietal and frontal regions. G, Increased
AMT uptake is indicated by a red area in the left infe-
rior parietal region (arrow). Ictal subdural EEG record-
ing showed seizure onset originating from the left
primary sensory face area (white electrodes). 

Figure 4.  A 1-year-old boy (patient 17)
with tuberous sclerosis complex and
uncontrolled focal seizures. A, Scalp ictal
electroencephalographic (EEG) recording
showed sustained, irregular, rhythmic,
slow-wave activity (arrows) at electrodes
C3, P3, Pz, and Cz, with the highest ampli-
tude at C3–P3. 
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border of the right frontoparietal resection (Figure 1). Further resec-
tion of the right frontal cortex resulted in class I outcome. On the other
hand, patient 10 underwent resective surgery at another hospital
without AMT PET evaluation, but his seizures returned 4 weeks
after the surgery. AMT PET showed increased AMT uptake region adja-
cent to the previously resected area. He also achieved class I outcome
after the removal of the increased AMT uptake area. These results
further suggest that favorable seizure outcome can be obtained if
tubers with increased AMT uptake are resected completely. 

Interestingly, six patients (2, 4, 5, 9, 11, and 12) had unre-
sected tuber(s) with increased AMT uptake contralateral to the
seizure focus, without clear ictal EEG correlate. Five of these
tubers, however, showed minimal (1–3%) increases, and all proved
to be nonepileptogenic based on surgical outcome. This finding,
together with the findings of the receiver operating characteristic
analysis, suggests that resection of cortical tubers with such mild
increases in AMT uptake is not necessarily required. Comparison
between AMT PET and epileptiform EEG findings can help deter-
mine whether tubers with mild increases of AMT uptake should be
evaluated by intracranial EEG and should indeed be included in
the surgical resection to optimize outcome. Also, use of other
imaging modalities, such as diffusion-weighted MRI,19 might be help-
ful to further characterize potential epileptogenicity of such tubers. 

Considerations for Optimal Interpretation 

of AMT PET in Tuberous Sclerosis

The outcome definition of epileptogenic tubers with high uptake
in this study has some limitations. First, resection of a tuber unre-
lated to epileptic seizures could result in seizure-free outcome if
the resection extends beyond this tuber and includes truly epilep-
tic areas (this could happen, for example, in cases of large multi-
lobar resections). Another potential limitation of this outcome
definition is that in six patients (1, 2, 5, 6, 11, and 16), multiple (two
to four) tubers were resected from the same hemisphere. In such
cases, it remains unclear whether resection of all of these tubers
was truly necessary to achieve seizure freedom. Still, in all of these
six cases, ictal intracranial EEG was recorded and showed that all
of these tubers were located in a seizure onset area. 

Another limitation is accurate assessment of AMT uptake
values for small tubers owing to partial volume effects. Region of
interest–based analysis of AMT uptake can give false-positive
results for tubers whose diameter falls below the resolution of the
images (approximately 7 mm in the present study); therefore, cal-
culated increases should be assessed further by visual inspection. 

A further consideration is that increased AMT uptake can
occur adjacent to a tuber in the surrounding epileptogenic cortex
(as shown in Figure 3), which we have previously reported.22 This
could indicate the presence of dysplastic cortex adjacent to a
tuber; seizure activity on intracranial EEG can be localized to such
perituberal cortex.22,37 Recent studies indeed suggest a pathogenic
relationship between certain forms of focal cortical dysplasia and
mosaic TSC gene mutations.38 This suggests that too restricted
resection of the visible cortical tuber (pure lesionectomy) can
result in unfavorable seizure outcome. Dysplastic abnormalities in
the cortex might or might not be detected on MRI.39–41 A tuber-based
region of interest analysis could also miss such epileptogenic dys-
plastic cortical regions. The only practical way of detecting such
tubers is a visual screening of the AMT PET images and applica-
tion of additional, perituberal regions of interest wherever visual

inspection raises the possibility of perituberal increases in AMT
uptake. FDG PET in such cases might help by showing hypome-
tabolism extending beyond the tuber. However, hypometabolic
areas seen on FDG PET usually extend beyond the epileptogenic
regions, and not all cortical areas showing decreased glucose
metabolism are necessarily epileptogenic.42–45 Therefore, in such
cases, perituberal regions of interest should be confined to areas
that appear to show increased AMT uptake on visual inspection;
this makes this type of analysis less objective than the tuber-based
region of interest approach. Nevertheless, with these limitations
in mind, the applied method has approximately 80% sensitivity
and specificity (by using the cutoff threshold of 1.02 for AMT
uptake ratio) for identifying tubers that need to be resected for
seizure freedom. 

It should also be noted that detection of tuber(s) with
increased AMT uptake can provide additional localizing infor-
mation, even when the scalp EEG results were not precisely local-
izing (see Figure 4). First, owing to its limited spatial resolution,
scalp EEG is not sufficient to differentiate between epileptogenic
and nonepileptogenic tubers located in close proximity. This issue
is particularly important if such tubers are close to eloquent cor-
tex. Furthermore, ictal EEG results in children with brief seizures
or infantile spasms are often difficult to interpret, and it is par-
ticularly difficult to lateralize and localize seizure foci located
close to the midline or far from the scalp (eg, medial or inferior
temporal regions or deep in the insula). Therefore, it is clinically
often very useful and desirable to obtain independent imaging data
to confirm the location of the presumed epileptic focus, to enhance
the confidence of patient selection for epilepsy surgery, and, in
some cases, to raise the possibility of additional epileptic regions
missed by scalp EEG (such as in patients 11, 15, and 16 in the pre-
sent series). AMT PET can help optimize subdural electrode place-
ment in such cases.  

In summary, surgical treatment can be highly effective in alle-
viating seizures and improving cognitive function in selected
patients with tuberous sclerosis complex and intractable epilepsy.
Surgical resection of the cortical tubers with an AMT uptake of at
least 10% greater than the mean cortical AMT uptake is highly
desirable to achieve a favorable surgical outcome, whereas tubers
with smaller increases should be resected if there is concordance
with ictal epileptiform activity. AMT PET provides complementary
localizing information regarding potentially epileptogenic regions
and improves patient selection for successful surgery in conjunc-
tion with other localization techniques. 
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