
he imaging of [â€˜1C]flumazenil(FMZ) with PET has
been shown to be a useful tracer for the study of benzodiaz

epine receptors (BZR) in vivo in humans with neurologic
disorders (1â€”3).Reports by several investigators (4â€”8)
indicate that abnormal BZR binding is a useful marker of
epileptic foci in patients being evaluated for epilepsy
surgery. Furthermore, FMZ PET has proven to be a more
specific and sensitive method than fluorodeoxyglucose PET
for visualization of both neocortical epileptic foci (4,5) and
mesial temporal epileptic foci (5â€”8).

Quantification of FMZ images is performed most often
using a two-compartment model introduced by Koeppe et al.
(9). This model yields parametric images of the volume of
distribution (VD) of the tracer in tissue (representing an
index of BZR binding) and the ligand influx rate constant
(Kl). However, the computation of both VD and K! requires
the sampling of an arterial blood input function. Routine
clinical application of this method for seizure foci detection
in the pediatric population would be greatly facilitated if the
protocol could be simplified by eliminating the need for
arterial blood sampling and mathematic modeling.

To simplify the protocol and make it more feasible for
clinical practice, our objective was to assess the agreement
between the size and the location of abnormalities identified
in simple FMZ activity images, against those defined in
parametric VD images derived from a two-compartment
model in patients with epilepsy. Our hypothesis was that,
using an appropriate asymmetry threshold and time frame,

FMZ activity images are as well suited as parametric VD
images to identify foci of decreased BZR binding.

MATERIALSAND METHODS

Patients
The study population consisted of 7 children (5 boys, 2 girls;

mean age [Â±SDJ9.8 Â±4.4 y) with neocortical epilepsy determined
by seizure semiology or electroencephalography. None of the
patients showed lesions on MR images. In addition, 6 healthy
adults (4 men, 2 women; mean age [Â±SD] 40.0 Â±8.1 y) were
recruited. All studies were performed in compliance with the
Human Investigation Committee and the Radioactive Drug Re
search Committee at Wayne State University (Detroit, MI).

[11C]flumazenil(FMZ)imaged with PET allows the computation of
parametric images of both tracer influx (Ki) and volume of
distribution (VD).The VD images, which allow visualization of a
quantitative measure of benzodiazepine receptor binding, are
reported to have high sensitivity and speciticityfor the delineation
of epileptic foci. However, the clinical feasibility of this method is
compromised by the necessity of arterial blood sampling. We
therefore compared the performance of parametric VD images
against simple FMZ activity images for the detection of neocorti
cal epileptic foci. Methods: FMZ PET data from 7 children with
extratemporal lobe epilepsy (mean age [Â±SD]9.8 Â±4.4 y) and 6
healthy adult volunteers (mean age [Â±SD]40 Â±8 y) were
analyzed using a semiautomated analysis algorithm. FMZ activ
ityimages and parametric VDimages were analyzed for asymme
try with cutoffthresholds of8%, 10% and 12%. Results: The time
frame between 10 and 20 mm after injection represented overall
the best agreement between FMZ activity and VD images
independent of the threshold. The normal asymmetry in VD
images was determined as 6.4% Â±1.4% and was significantly
higher in the FMZ activity images (7.6% Â±1.4%, P = 0.001).
Increasing the cutoff threshold resulted in a significant decrease
in the area defined as abnormal in both the VD and the FMZ
activity images. Abnormalities defined in FMZ activity images
identified additional brain regions as abnormal at the 8% thresh
old, but there was good agreement with VD images at the 10%
asymmetry threshold. In those regions where abnormalities in
VD and FMZ activity images were not matched, the asymmetry
indices obtained from Ki images were significantly higher than
those derived from the VD images (P = 0.01). ConclusIon:
Differences between VD and activity images above the 8%
threshold are mainly due to Ki . Abnormalities defined in FMZ
activity images using a threshold of 10% agree well with those
obtained from parametric VD images, indicating that activity
images obtained from the time frame of 10â€”20mm are essentially
equivalent to VD images with regard to detection of regions of
abnormality for seizure focus localization.
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FMZPETProcedures
FMZ PET studies were performed using the EXACT/HR

(CTllSiemens, Knoxville, TN) whole-body PET scanner at Chil
dren's Hospital ofMichigan. 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 was 5.5 Â±
0.35 mm at full width at half maximum and 6.0 Â±0.49 mm in the
axial direction (reconstruction parameters: Shepp-Logan filter with
I .0 cycle/cm cutoff frequency). A venous line was established for
injection of FMZ (15 MBq/kg), and an arterial line was placed in a
percutaneous radial artery for collection of 23 timed arterial blood
samples (0.5 mLlsample, sequence: 12 X 10 s, 3 X 1 mm, 2 X 2.5
mm, 2 X 5 mm, 4 x 10 mm). Radioactivity in plasma was
measured using a Cobra II gamma counter (Packard Instruments,
Meriden, CT). FMZ and metabolites were determined using the
method of Barre et al. (10). Beginning at the time of FMZ injection,
a 60-mm dynamic PET scan of the brain was obtained (sequence:
4 X 30 5, 3 X 1 mm, 2 X 2.5 mm, 2 X 5 mm, 4 X 10 mm).
Electroencephalography was recorded for the duration of the study
to ensure that scans were obtained in the intenctal state.

DataAnalysis
Compartmental analysis of dynamic PET and metabolite

corrected blood data was performed according to the method
described by Koeppe et al. (9) to determine the VD and K!
parameters on a pixel-by-pixel basis. In addition, summed FMZ
activity images of various lengths were obtained (time frames of
5â€”10,10â€”20and 15â€”30mm after injection). Regional abnormali
ties in both FMZ activity images and parametric VD images were
identified using a semiautomated analysis algorithm (11), which
allows operator-independent definition of abnormal cortical areas
in transaxial images. The brain contour was determined automati
cally as a 25% isocontour, and an outline and concentric inner line
were drawn by the program to define the thickness of the cortex.

The data contained in this area (cortical region) were then divided
into 60 regions per hemisphere, resulting in 60 cortical data values
for each hemisphere. The data values for the left and right
hemisphere were then displayed as cortical profiles. Subsequently,
both profiles were overlaid so that the corresponding cortical
values of both hemispheres could be found at the same ordinate. An
asymmetry index was defined as:

[[H â€”L]/[L + H] X 0.5] X 100%, Eq.1

where L is the lower and H is the higher value, respectively. If the
asymmetry between the corresponding cortical profile elements at a
certain ordinate exceeded the cutoff threshold, the lower profile
region was marked. Then, a new static â€œmarkedâ€•image file was
created that included all 47 planes of the original frame. A series of
representative marked planes is shown in Figure 1. Finally, the
marked image sets underwent three-dimensional maximal surface
projection to display the marked regions with lower FMZ activity
or BZR binding on the brain surface. On the basis of these
processed views, the user outlined manually the marked regions,
thus creating regions of interest (ROIs) in the FMZ activity images
(ROIset)and in the VD images (ROIVD)(Fig. 2).

StudyDesign
It was shown previously that parametric VD images represent

cortical BZR receptor abnormalities independent of blood flow
(9, 12, 13). Initially, the normal asymmetry index observed in
transverse VD image planes was derived from all supratentorial
planes of the control subjects. We then chose cutoff thresholds of
1.0, 2.5 and 4.0 SD below this normal mean to represent cortical
BZR binding abnormalities. Abnormal ROIs were then determined
in the patient group in both the transverse VD and FMZ activity
images, corresponding to the above cutoff thresholds. These
abnormalities were marked with a value twice that found in the
whole image volume, so that after applying a three-dimensional

FIGURE1. Transaxialimagesof (leftto
right) volume of distribution (VD), ligand
influx rate constant (Ki) and FMZ activity
time frames of 5â€”i0, 10â€”20and 15â€”30mm
(top row). Image planes were marked at 8%
(second row), 10% (third row) and 12%
(fourth row) cutoff thresholds. Marked corti
cal asymmetries are denoted by arrows.
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thresholds and for three different activity time frames (5â€”I0, 10â€”20
and 15â€”30mm after injection) to determine the best overall
agreement between ROIset and ROIVD.

Finally, to assess the role of tracer delivery on the difference
between VD and FMZ activity images, the asymmetry indices
between regions matched and unmatched in the VD and FMZ
activity datasets were obtained. This was done for all thresholds
separately for VD, FMZ activity and Kl images.

StatisticalAnalysis
All values are given as mean Â±I SD. P < 0.05 was considered

statistically significant. To determine which time frame shows a
combination of highest agreement index and lowest disagreement
index for all thresholds, we performed a 3 X 3 repeated measures
multivariate analysis of variance (ANOVA). After the overall test,
posthoc comparisons were performed using a Bonferroni correc
tion for multiple comparisons. A one-way, repeated measures
ANOVA was used to determine whether the agreement or the
disagreement indices changed significantly with varying threshold.
The same test was performed to determine a significant change in
the size ofthe VD abnormality. In addition, a one-way ANOVA was
used to show significant differences between the asymmetry
indices of VD, Kl and the FMZ activity images. Finally, a 3 X 3 X
2 repeated measures ANOVA was performed to determine multivar
late differences between matched and unmatched asymmetry
indices derived from VD, Kl and FMZ activity images at the three
thresholds.

RESULTS
Normal Asymmetry

The normal mean asymmetry index obtained from VD
images in the six healthy subjects was 6.4% Â±1.4%. On the

basis of this value, we chose cutoff thresholds of 8% (1 .0 SD
above mean), 10% (2.5 SD above mean) and 12% (4.0 SD
above mean). The FMZ activity images displayed a signifi
cantly higher normal mean asymmetry index than the VD
images (7.6% Â±1.4%; P = 0.001, paired t test).

Size of Image Abnormalities
Figure 1 shows a series of parametric VD and Kl images

as well as FMZ activity time frames of 5â€”10, 10â€”20and

15â€”30mm, obtained from a representative transverse plane
in 1 patient. The bottom three rows represent marked images
at the 8%, 10% and 12% cutoff thresholds. The size of
marked abnormalities in the VD images decreased with
increasing cutoff threshold. Furthermore, marked abnormali

ties in Ki images were always larger than in VD images. The
three FMZ activity time frames comprised various contribu
tions from parametric VD and K! images. It is apparent in
Figure 1 that the 5- to 10-mm time frame was highly
influenced by the K! image, displaying significantly larger

Eq. 2 abnormalities than detected in the VD images. The 10- to

20-mm FMZ activity time frame showed abnormalities
more similar to those found in the parametric VD images
when compared with the 15- to 30-mm time frame.

Eq. 3 The size of abnormal regions obtained from the processed

views derived from marked VD images decreased signifi
cantly with increasing cutoff threshold (Table 1). At the 10%
cutoff threshold, the size of ROIVDwas significantly smaller
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C

FIGURE2. Three-dimensionalprojectionimagesshowmarked
regions of abnormalities in black. Regions of interest (ROI5,
indicated by solid black lines) are defined in processed three
dimensional views of volume of distribution (VD) (ROIVD,top) and
[11C]flumazenil(FMZ) activity image volumes (ROI@, middle).
ROIs were overlaid (bottom), and pixel number in ROIVD,ROlart
and region common to ROl@0and ROIa@(N@cjt@,hatched region)
were determined.

maximal surface projection, they could be displayed on the brain
surface. In these newly created views, abnormal ROIs were defined
manually in both the ROIVDand the ROIset. Subsequently, the
ROIact and ROIVD were overlaid, and the number of image pixels
common to both regions (N@th)or associated with only one or the
other region (Nactand NVD)was determined (Fig. 2). The agreement
index between regions was defined as:

[N@(h/NvD]X 100%,

indicating the percentage of area correctly identified by the activity
image. The disagreement index was defined as:

[ENact N@]/NvD] X 100%,

representing the area incorrectly identified by the activity image
normalized to the abnormal VD area. The agreement index and the
disagreement index were then calculated for the three cutoff
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= volumeofdistribution.

TABLE 1
Number of Pixels Determined as Abnormal in VD Images (NVD),in 10- to 20-Minute Activity Time Frame (Nart)

and Common to Both (N@th)at 8%, 10% and 12% Cutoff Thresholds

than its size at the 8% threshold (56% Â±21%; P = 0.03).
Furthermore, at the 12% threshold, the size of ROIVD
decreased to 37% Â±21 % of its size at the 8% threshold (P =
0.01).

Dependence of the Agreement Index on the Time Frame
When considering all three asymmetry thresholds, we

found a significant difference among the agreement indices
obtained from the three activity time frames of 5â€”10,10â€”20
and 15â€”30mm (P = 0.03). The time frame of 10â€”20mm
after FMZ injection proved to have significantly higher
agreement with the VD image than the time frames of 5â€”10
(P = 0.03) and 15â€”30mm (P = 0.02) (Fig. 3A). Further
more, the activity time frame of 10â€”20mm displayed the
lowest disagreement index in all subjects, although this
difference was not significant because of the high variance in
the data (P = 0.28) (Fig. 3B). This result indicates that the
time frame of 10â€”20mm after FMZ injection represents
overall the best agreement between activity and VD images
independent of the chosen threshold. We therefore chose this
activity time frame for all further calculations.

Agreement and DisagreementIndices
The higher normal asymmetry observed in the FMZ

activity images compared with the VD images resulted in a

large number of false-positive findings at the 8% cutoff
threshold, which represents a threshold of only 0.3 SD
below normal mean. With the 8% threshold, two of seven
patients showed noncontiguous areas of marked abnormali
ties in the FMZ activity images that were not matched by
abnormalities in the VD images (Fig. 1). Table 1 shows the
number of pixels determined as abnormal in the VD (NVD)
and FMZ activity (Nac@)images at the 8%, 10% and 12%
cutoff thresholds, as well as the number of pixels common to
both abnormalities (N@th).The agreement and disagreement
indices were computed from these values. By increasing the
cutoff threshold from 8% to 10%, the agreement index
between marked asymmetries in VD and FMZ activity
images improved from 62% Â±21% to 75% Â± 16% (P =

NS) and from 85% Â± 12% when the 12% cutoff threshold

was used (P NS). The disagreement index decreased from

92% Â±54% (at the 8% threshold) to 77% Â±68% at the 10%
threshold (P = NS) and to 38% Â±16% at the 12% threshold
(P = 0.01).

Contribution of Tracer Influx
To assess the role of tracer influx on differences between

FMZ activity and VD images, the mean asymmetry indices
were derived at all three thresholds for VD, FMZ activity
and Ki images in those regions in which the marked
abnormalities were matched and unmatched. Matched marked
abnormalities in VD and FMZ activity images showed
similar asymmetry indices in both VD and K! images for all
three thresholds (P = NS, Table 2). Conversely, in those

regions that were not matched, the asymmetry indices
obtained from VD images were significantly lower than
those obtained from FMZ activity images (P = 0.01, Table
2). In these regions, the asymmetry indices obtained from

K! images were always higher than the cutoff threshold and
were almost identical to those derived from the FMZ activity
images (P = NS). This result indicates that differences
between the VD and FMZ activity images are mainly caused
by the tracer influx parameter Ki.

DISCUSSION

The purpose of this study was to determine the agreement
between image ROIs obtained from FMZ PET studies using
two different protocols: a simplified protocol using images
of FMZ activity distribution in only the brain and a protocol
that requires collection of arterial blood samples to compute
images representing the volume of distribution of the tracer
in tissue (VD images). For our analysis, we used abnormali
ties defined in the parametric VD images as the â€œgold

standardâ€• depicting the seizure focus, to which images
obtained using the noninvasive protocol were compared.
The VD parameter is currently the most common parameter
used for the assessment of epileptic foci with FMZ PET

(6,7).
The fact that the size of abnormalities in the VD image

varies according to the applied cutoff threshold precludes the
application of a receiver operator characteristics (ROC)
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8%10%12%Matched

Unmatched MatchedUnmatchedMatchedUnmatchedVD

11.4 5.1*t13.96.9*t16.18.7*tSD
2.4 2.02.52.32.62.2FMZactivity

12.7 9.214.511.016.513.1SD
2.6 1.12.70.62.51.3Ki

11.9 8.813.610.815.713.1SD
2.0 0.62.20.62.40.9*Signmficant

against unmatched FMZactivityasymmetry threshold (P <0.05).tSignificant
against matched VDasymmetry threshold (P < 0.05).

VD= volume of distribution;FMZ= [11C]flumazenil;Ki = ligand influxrate constant.
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FIGURE3. (A)Comparisonofagreement
indices obtained from FMZ activity time
frames of 5â€”10,10â€”20and 15â€”30mm at
8%, 10% and 12% cutoffthresholds. Agree
ment index derived from FMZ activity time
frame of 10â€”20mm shows highest agree
ment index independent of cutoff threshold.
(B) Comparison of disagreement indices
obtained from FMZ activity time frames of
5â€”10,10â€”20and 15â€”30mm at 8%, 10%
and 12% cutoff thresholds. FMZ activity
time frame of 10â€”20mm shows lowest
disagreement index independent of cutoff
threshold.

8% 10% 12%
Threshold

TABLE 2
Asymmetry Indices Obtained from Matched and Unmatched Defects in VD, FMZ Activity and Ki Images

for 8%, 10% and 12% Cutoff Thresholds
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analysis (14). To apply an ROC analysis, outcome (in this
case the size of abnormality) must be constant and indepen
dent of the cutoff threshold. Because of this difficulty, we
chose to describe the relationship between ROIVDand ROIset
using agreement and disagreement indices. The agreement

index is analogous to the sensitivity parameter in the context
of an ROC analysis. However, because of the special
conditions of our problem, an increase in the cutoff threshold
does not decrease agreement (sensitivity) but increases
agreement because of changing outcome (size of VD

abnormality). To be sensitive to false-positive findings, we
defined a disagreement index. Both indices together charac
terize the extent to which abnormalities in the FMZ activity
images approximate VD abnormalities. The data indicate
that, by increasing the cutoff threshold, the agreement index
steadily increases and the disagreement index decreases. At
the same time, however, regions of VD abnormalities
decrease in size. As a consequence, there is no optimum, and
a compromise must be established between the size of VD
abnormalities and the computed agreement and disagree
ment indices. Our data suggest that the 10% cutoff threshold
is a good compromise. The 8% cutoff threshold is too low
for FMZ activity, yielding a high incidence of false-positive
areas. On the other hand, the 12% cutoff threshold is too
restrictive, resulting in a prohibitively small area of VD
abnormality.

Our results indicating that FMZ activity images in the
time frame of 10â€”20mm after injection have the highest
agreement with VD images confirm a previous report (12),
which suggested that FMZ activity images around 15 mmn
are qualitatively similar to parametric VD images. At this
time frame, the distribution increasingly reflects a pseudo
equilibrium between free and bound ligand; furthermore,
peak activity levels are reached in brain between 5 and 15
mm after injection. The 5- to 10-mm time frames are
dominated by tracer influx, whereas the 15- to 30-mm
images suffer from the short half-life of I1C (20 mm) and

increasing noise levels caused by tracer efflux.
Earlier studies by Millet et al. (15) used FMZ activity

images from 20 to 40 mm after tracer injection and reported
a high correlation between FMZ activity images at this time

frame and parametric VD images. However, Millet et al.
compared only the performance of the 20- to 40-mm time
frame with the first 3 mmnafter tracer injection. The results of
our study indicate that the time frame of 10â€”20 mm is

characterized by a significantly higher agreement with the
VD image in identifying regions of asymmetry than the time
frame of 5â€”10mm (P = 0.03) and the time frame of 15â€”30
mm (P = 0.02).

We hypothesized that differences in tracer influx may
account for instances in which there is asymmetry on the
FMZ activity images but not on the VD images. Previous
PET blood flow studies of focal epilepsy showed a reduction
in perfusion (16â€”18)in discrete areas of the brain. However,
it was shown previously that the VD parametric image is
independent of blood flow (12, 13). Conversely, the tracer

influx image (parametric K! image) is the product of two
factors: cerebral blood flow and blood-brain barrier perme
ability. It seems unlikely that FMZ transport is affected by
alteration at the blood-brain barrier level, because FMZ in
blood crosses the blood-brain barrier by passive diffusion
caused by its high lipophilicity (19). Thus, regionally
decreased cerebral blood flow is the main factor responsible
for the increased asymmetry in parametric K 1 images and is
likely to cause the discrepancy observed between FMZ
activity and VD images.

Delforge et al. (20) have proposed a partial-saturation
approach to compute parametric images, allowing the estima
tion of receptor number and affinity without the necessity of
arterial blood sampling. However, this method can be used
only under the condition that the patient has a known and
constant affinity for BZR. Although this approach does not
require an arterial input function, it may not be suitable for
epilepsy patients.

CONCLUSION

Abnormalities defined in FMZ activity images obtained
from 10 to 20 mm after injection using a cutoff threshold of
10% agreewell with thoseobtainedfrom parametricVD
images at the same threshold. The noninvasive nature of
FMZ activity images makes them very attractive to use for
the determination of epileptic foci, particularly in children
with partial seizures.
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