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To date, there has been no satisfactory explanation for the obser-
vation that interictal uptake of the glucose analog ['®Flfluorodeoxy-
glucose (FDG) is consistently reduced in the temporal lobe ipsilateral
to the seizure focus in patients with temporal lobe epilepsy. We
examined the hypothesis that regional differences in tracer uptake in
temporal lobe epilepsy reflect regional differences in the lumped
constant (A). Methods: In 9 control subjects and 10 patients with
temporal lobe epilepsy, we obtained regional estimates of A by
expressing A in terms of transfer coefficients for FDG and parame-
ters which are likely to remain constant throughout both the brain
and under different functional states. Results: In the patients, A was
lower in the temporal lobe ipsilateral to the epileptic focus (0.53 +
0.06; p < 0.005) than in the contralateral temporal lobe (0.56 * 0.06).
Interside differences in A were highly correlated with asymmetry in
tracer uptake. Furthermore, the use of regional estimates of A
reduced the asymmetry in estimated rCMR,,. in patients with
temporal lobe epilepsy but not in controls. Conclusion: In these
patients, a change in tracer uptake may not indicate a change in
glucose consumption of corresponding magnitude, raising the pos-
sibility that in at least some patients with temporal lobe epilepsy, the
term hypometabolism does not accurately describe reductions in
tracer uptake. .
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In temporal lobe epilepsy, reduced uptake of the glucose analog
['®F]fluorodeoxyglucose (FDG) is consistently found in the
temporal lobe ipsilateral to the epileptic focus during the
interictal period (/-4). Relative reductions in tracer uptake
appear to be greater in the lateral than in the mesial temporal
cortex (/,3,4). These reductions in tracer uptake are frequently
equated with hypometabolism of glucose, and several theories
have been advanced to explain such a change in metabolic state.
It has been suggested that localized neuronal loss contributes to
hypometabolism (5). However, severe reductions in tracer
uptake may occur even in the absence of quantified neuronal
loss or gliosis in the temporal neocortex (6). A second hypoth-
esis is that diaschisis associated with hippocampal neuronal loss
produces interictal hypometabolism. The poor correlation be-
tween changes in FDG uptake in the temporal neocortex and
hippocampal cell counts goes against this hypothesis (7).
Further, contrary evidence is provided by the tendency for
neocortical tracer uptake to normalize after selective amygdalo-
hippocampectomy ().

An alternative explanation for changes in tracer uptake may
lie in the FDG methodology itself. FDG competes with glucose
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for carrier-mediated transport into the brain and serves as an
alternative substrate for hexokinase. To estimate the rate of
glucose consumption, a proportionality factor termed the
lumped constant (A), is applied to the rate of phosphorylation of
FDG. In general, A is assumed to be invariant throughout the
brain, and while this assumption is approximately true under
normal conditions, pathological states may produce regional
differences in the lumped constant (9). By expressing A in
terms of transfer coefficients for FDG and parameters, which
are likely to remain constant both throughout the brain and
under different functional states, we examined the issue of the
constancy of A in patients with temporal lobe epilepsy.

MATERIALS AND METHODS
Subjects

We studied 9 neurologically normal subjects (2 men, 7
women; mean age 24 yr) and 10 subjects (3 men, 7 women;
mean age 31 yr) with intractable temporal lobe epilepsy. All
patients had unilateral mesial temporal epilepsy as judged from
video-EEG monitoring of seizures, unilateral hippocampal at-
rophy on MRI and the response to resection in eight patients.
Interictal PET scans were performed with the patients being
free of clinical seizures for at least 24 hr before PET scanning.
Subjects fasted overnight before the scan.

PET Scanning

Dynamic FDG-PET studies were performed with a Scandit-
ronix PC-2048 15B scanner which produces 15 slices with an
intrinsic resolution of 6 mm X 6 mm X 6 mm. A foam head
mould was fitted to minimize head movement. Subjects were
positioned in the scanner so that the PET slices were parallel to
the orbitomeatal line and both temporal lobes were entirely
contained in the field of view. A ®®Ge orbiting rod transmission
source was used for attenuation correction.

After the intravenous injection of a slow bolus of FDG (5
mCi over ~1 min), brain radioactivity was measured over a
period of 30 min using a scan schedule of six 30-sec scans,
seven l-min scans, five 2-min scans and two S-min scans.
Plasma radioactivity was measured in arterial blood sampled
every 10 sec from 0-3 min; every 20 sec from 3-5 min; and
every 1-5 min until 30 min after the injection of FDG. Arterial
plasma glucose concentrations were measured at 10-min inter-
vals throughout the study.

All subjects underwent MRI (Philips Gyroscan 1.5T) with
scans consisting of 160 contiguous slices of 1 mm thickness and
1 mm by 1 mm pixel dimension.

Image Analysis

To obtain maps of unidirectional blood-brain clearance (K7)
and the net uptake constant (K*), PET images were recon-
structed using an 18-mm FWHM Hanning filter, and individual
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TABLE 1
Kinetic Parameters in the Temporal Lobes Ipsilateral and Contralateral to the Seizure Focus and in the Temporal Lobes of Control

Subjects*
Epil Control
Ipsilateral Contralateral Right Left

K* (uV/g/min) 27.7 = 11.31 299 + 122 29.6 = 108 29.7 115
K; (u/g/min) 90.8 + 24.4 88.4 + 24.4 87.5+ 179 88.4 + 189
Lumped constant rCMRgic 0.53 + 0.06" 0.56 + 0.06 0.55 + 0.06 0.55 + 0.06

A = 0.56 246 + 9.9 26.6 = 10.8 27190 272 +96

Regional A 252 + 8.6* 26.0+89 268+75 269 + 8.0
Asymmetry in rCMRglc (%)

A =056 72+43 -0.3+6.0

Regional A 31+25 00=+45

*Plasma clearance (K; ), the net uptake constant (K), the lumped constant (A), the rate of glucose consumption (fCMRgic) and asymmetry indices for
rCMRglc estimated using a fixed A and regional estimates of A are compared (mean * s.d.).

time-activity curves for each voxel were fitted with a three-
compartment model using a previously described method of
analysis (10). Voxel-based maps of A were then generated
using a transport ratio of 1.1 and a phosphorylation ratio of 0.3
(see Appendix). Images of radioactivity, summed overall
frames of the PET scan were also generated.

PET and MRI images were co-registered (//) and MRI-based
regions of interest (ROIs) were drawn, using predetermined
anatomical landmarks for guidance, over each temporal lobe.
For voxels within these regions, mean values were calculated
for A, for summed radioactivity and for KT and K*. For each
patient, the regional metabolic rate for glucose (rCMR,,.) was
calculated using the mean plasma glucose concentration during
the PET scan, the mean value for K* in each ROl and [i] A =
0.56 or [ii] the mean calculated value of A for each ROI. An
asymmetry index for tCMR,,. estimated using fixed or regional
A values was then calculated:

Asymmetry index (%)
y Contralateral rCMRy;. — Ipsilateral tCMRg
Contralateral *CMRg; ’

To ensure that the results obtained were independent of the
method of data analysis, kinetic parameters were also estimated
using time-activity curves in smaller ROIs drawn over each
temporal lobe. In this analysis, PET images were reconstructed
using an 6-mm FWHM Hanning filter. Nonlinear least squares
fitting was used with the operational equation described in the
Appendix.

Statistical Analysis

The statistical significance of interside differences in param-
eter values was assessed using the paired Student’s t-test. The
unpaired Student’s t-test was used to compare parameters from
patients and controls. The correlation between asymmetry
indices for summed radioactivity and A was assessed using
Pearson’s correlation coefficient (r).

RESULTS

Analysis of Parametric images

The mean plasma glucose concentration was similar in
patients (5.0 * 0.5 mM, mean * s.d.) and in control subjects
(5.2 = 0.6 mM). In control subjects, the mean sizes of the
volumes of interest were 74.4 * 13.9 cm® and 75.4 + 10.3
cm?® for the right and left temporal lobes, respectively. In
patients with epilepsy, the mean sizes were 70.2 + 14.3 cm? in

Eq. 1
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the temgoral lobe ipsilateral to the seizure focus and 75.1 =
11.6 cm” in the contralateral temporal lobe. The mean value of
the net uptake constant (K*) was significantly lower ipsilateral
to the seizure focus (Table 1). The mean value of K7 did not
differ significantly between temporal lobes.

Lumped Constant

In control subjects, there was no significant difference
between the mean values of A for the right and left temporal
lobes (0.55 = 0.06). In contrast, the mean value of A was
significantly lower in the temporal lobe ipsilateral to the
epileptic focus (0.53 * 0.06) than in the contralateral temporal
lobe (0.56 * 0.06; p < 0.005; Table 1; Fig. 1).
Correlation Between Asymmetry in Radioactivity and the
Lumped Constant

The mean asymmetry index in summed radioactivity was
—1.1% * 2.5% in control subjects and 3.9% * 3.9% (p < 0.05)
in patients with epilepsy. None of the control subjects had an
asymmetry index greater than 4% whereas this was present in 6
of 10 patients (p < 0.05; Fisher exact test). Asymmetry in A
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FIGURE 1. Images of tracer uptake (integrated activity) and the estimated
lumped constant in a control subject and a patient with temporal lobe
epilepsy. In the patient with temporal lobe epilepsy, reduced tracer uptake is
observed in the right temporal lobe (1 1). In the lumped constant image a
corresponding reduction in the estimated lumped constant is observed ( ).
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FIGURE 2. Correlation between regional asymmetry in estimated lumped
constant and asymmetry in tracer uptake (integrated radioactivity). Asymme-
try between right and left temporal lobes in normal subjects and between the
temporal lobes ipsilateral and contralateral to the seizure focus in patients
with temporal lobe epilepsy are shown.

correlated significantly with asymmetry in summed activity in
patients with epilepsy (r = 0.8; p < 0.01) but not in control
subjects (r = 0.19; p = 0.63; Fig. 2).

Influence of Lumped Constant Estimates on rCMR,.

With a fixed A of 0.56, the mean rCMR,,; was significantly
lower in the temporal lobe ipsilateral to the eplleptlc focus than
in the contralateral temporal lobe (24.6 * 9.9 versus 26.6 *
10.8 umol 100 g~ ' min~', respectively; p < 0.005). The use of
regional estimates of A reduced the interside difference in
rCMR;,. (Tablel). In control subjects, the mean rtCMR, in the
right and left temporal lobes was not significantly difterent.

Compared to fixing A, regional estimation of A significantly
reduced the degree of asymmetry in rCMR gle between ipsilat-
eral and contralateral temporal lobes in patlents with epilepsy
(3.1% versus 7.2%; p < 0.005; Table 1). In contrast, no
significant change in the degree of asymmetry was observed in
control subjects. With a fixed A, the degree of asymmetry was
significantly greater in patients than in controls (7.2% versus —
0.3%; p < 0.01), but with regional estimates of A, there was no
significant difference between the two groups in the degree of
asymmetry (3.1% versus 0.0%; p = 0.1).

The use of regional estimates of A had a greater effect on
asymmetry in rCMR;, in the six patients with more than 4%
asymmetry in summed radioactivity. In these patients, mean
asymmetry in rCMRy,. was 3.4% * 2.9% when regional
estimates of A were used. In contrast, it was 10.0% * 3.0%
when A was fixed.

Nonlinear Least Squares Fitting

For this analysis, we used an average of seven ROIs within
each temporal lobe with mean sizes of 1.2 * 0.4 cm? ipsilateral
and 1.3 = 0.3 cm® contralateral to the selzure focus in patients
and 1.3 * 0.4 cm® and 1.3 * 0.5 cm’ in the right and left
temporal lobes of control subjects. In control subjects, there was
no significant difference between the mean values of A for the
right (0.56 * 0.10) and left (0.55 *= 0.08) temporal lobes. The
mean value of A was significantly lower in the temporal lobe
ipsilateral to the epileptic focus (0.52 * 0.06) than in the
contralateral temporal lobe (0.58 *+ 0.07; p < 0.05).

DISCUSSION

The principal findings of this study are threefold. First, in
patients with temporal lobe epilepsy, A was lower in the
temporal lobe ipsilateral to the epileptic focus than in the
contralateral temporal lobe. Second, interside differences in A
were highly correlated with asymmetry in tracer uptake. Third,
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the use of regional estimates of A reduced the asymmetry in
estimated rCMRy,. in patients with temporal lobe epilepsy but
not in controls.

Lumped Constant Variability (A)

In this study, asymmetry of A in patients with temporal lobe
epilepsy was detected using voxel-based estimates of K* and KT
obtained with a solution of the model differential equations that
allowed the use of linear regression. Asymmetry of A was also
detected using a ROI-based analysis, nonlinear least squares
fitting and less smoothing of the PET image.

The lumped constant is a key aspect of the use of FDG to
estimate cerebral glucose consumption. It is a proportionality
factor that converts the rate of phosphorylation of FDG to the
net rate of glucose consumption. As originally proposed by
Sokoloff et al. (12), A is the product of four factors: the fraction
of glucose that continues down the glycolytic pathway and the
hexose monophosphate shunt after phosphorylation; the ratio
between the steady state volume of distribution of FDG and of
glucose; the ratio between the maximum velocities of phosphor-
ylation of FDG and of glucose by hexokinase; and the ratios
between the Michaelis-Menten constants of hexokinase for
FDG and for glucose. Sokoloff et al. (12) provided theoretical
grounds for the constancy of some of these factors and proposed
that A was uniform throughout the brain. However, the ratio
between the steady-state volumes of distribution of tracer and of
glucose, each being differently influenced by blood flow,
blood-brain barrier transport and metabolism, is a potential
source of state-dependent variation in A (/3).

Subsequent formulations have expressed A in terms of
kinetic parameters for the uptake of FDG and factors which are
more likely to be constant than A or the steady-state distribution
volume ratio thus allowing A to be estimated locally (see
Appendix) (14,15). Our estimates of A are close to previously
reported values in humans [0.5, Brooks et al. (16); 0.52, Reivich
et al. (17)].

Estimates of A were significantly lower in the temporal lobe
ipsilateral to the seizure focus than in the contralateral temporal
lobe. This reflects a change in the balance between the
blood-brain barrier transport and the phosphorylation of FDG
and glucose in the epileptic temporal lobe. In the normal brain,
glucose transport and metabolism appear to be closely linked
(18-20). However, in the temporal lobe ipsilateral to the seizure
focus, a reduction in the mean value of the net uptake constant
(K*) was observed whereas there was no significant change in
K7, the unidirectional plasma clearance of FDG. The observa-
tion that changes in K* are not parallelled by changes in K7 in
the epileptic temporal lobe requires explanation. In the epileptic
temporal lobe, K7} reflects changes, most likely in opposing
directions, in blood flow and in the permeability of the
blood-brain barrier to glucose and FDG. Sustained changes in
the density of the glucose transporter may occur in response to
seizures. In tissue from a patient undergoing surgery for
epilepsy, Cornford et al. (21) observed a higher density of the
Glut 1 glucose transporter in the blood-brain barrier than
previously described in the capillaries of rat and rabbit brains.
Increased expression of the glucose transporter gene is also seen
in other states, such as ischemia, where glucose demand
outstrips supply (22). Indeed, such a mechanism may be an
adaptive response protecting against seizure-induced neuron
loss (23). In addition, there may be a mismatch between
changes in blood flow and in glucose consumption in the
epileptic temporal lobe; unlike K*, K7 is strongly affected by
blood flow.
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Stability of the Phosphorylation and Transport Ratios

The estimates of A obtained in this study are dependent on
the values chosen for the phosphorylation and transport ratios.
The validity of the chosen values for these ratios was discussed
previously in Kuwabara et al. (24). Inspection of the equation
for A (see Appendix, Eq. 7) reveals that because the ratio
between K* and KT is regionally variant in our patients, A can
only be truly constant if the phosphorylation ratio and the
transport ratio are equal. However, there is considerable evi-
dence that this is not the case (25-29). FDG is transported
across the blood-brain barrier at a greater rate but is phosphor-
ylated at a lower rate than glucose.

There are strong theoretical reasons for assuming that the
transport and phosphorylation ratios are constant across brain
regions and metabolic states (/2,14,24). However, regional
changes in the phosphorylation ratio due to expression of
isoenzymes of hexokinase normally found in muscle and liver
have been described in brain tumors (9). Such a process is
unlikely in epileptic tissue and is amenable to in vitro verifica-
tion.

Implications for FDG-PET Scans in Epilepsy

Compared to fixing A, the use of regional estimates of A
resulted in a reduction in the asymmetry of rCMR,, in the
patients. However, rCMR,. remained significantly lower ipsi-
lateral to the seizure focus than contralaterally when regional
estimates of A were used.

The finding of a consistent reduction in A in the temporal
lobe ipsilateral to the seizure focus resolves several apparent
inconsistencies. This mechanism allows for reductions in the
uptake of FDG which are not linked to cell loss, in keeping with
the previously observed poor correlation between tracer uptake
and neuronal density in the hippocampus and temporal neocor-
tex (7). In addition, reversible changes in A may contribute to
the normalization of tracer uptake after seizure cessation in-
duced by selective amygdalo-hippocampectomy (8). Further-
more, regional variations in A may explain previous findings of
discordance between asymmetry in rCMR,,; and regional cere-
bral blood flow in temporal lobe epilepsy (30,31). When a fixed
A is used, the relative reduction in rCMR;,. exceeds that for
regional cerebral blood flow in the epileptic temporal lobe
(32,33).

Our findings indicate that the use of a single value of A for
the whole brain leads to errors in rCMR,,. determination in
patients with temporal lobe epilepsy and exaggerates the ob-
served degree of asymmetry in rCMR,,.. To the extent that the
diagnostic use of nonquantitative scans depends only on the
correlation between seizure focus lateralization and asymmetry
in tracer uptake, regardless of the underlying mechanism, our
findings should not affect the practical utilization of FDG-PET
in temporal lobe epilepsy. However, the findings indicate that a
change in tracer uptake does not necessarily signify a change in
glucose consumption of corresponding magnitude.

CONCLUSION

We conclude that A is lower in the temporal lobe ipsilateral
to the epileptic focus than in the contralateral temporal lobe in
patients with temporal lobe epilepsy. The use of regional
estimates of A reduces asymmetry in estimated rCMR;,. in
patients with temporal lobe epilepsy but not in controls.
Changes in A should be considered when ascribing a biological
interpretation to changes in tracer uptake. Indeed, in at least
some patients with temporal lobe epilepsy, the term hypome-
tabolism may not accurately describe reductions in tracer
uptake.
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APPENDIX
The net uptake constant (K*) for FDG is defined as:
K*= Kiks Eq.2
Tk ¢

where K7 refers to the unidirectional plasma clearance, k3 to the
fractional brain-blood clearance and k3 is the phosphorylation
coefficient (34). Symbols relating to FDG are denoted with an
asterisk. The glucose metabolic rate (rCMR;,.) is expressed in
terms of K*, glucose concentration (C,) and the lumped constant
(A):

K*C,
l'CMRgh = T .

The processes of facilitated diffusion of hexoses across the
blood-brain barrier and of phosphorylation by hexokinase can be
described by the Michaelis-Menten equation (24). In the case of
transport across the blood-brain barrier, the Michaelis-Menten
equation yields an approximately constant ratio (7, the transport
ratio) between FDG and glucose clearances:

_ KKpax  P*S* K}
T KfTox PS K

where PS is the apparent permeability-surface area product for the
blood-brain barrier, K, is the half-saturation constant, and T, is
the maximal transport rate.

Similarly, the ratio between the rate constants for the phosphor-
ylation of FDG and of glucose by hexokinase (¢, the phosphory-
lation ratio) can be expressed in terms of the Michaelis-Menten
equation:

Eq. 3

T Eq. 4

KoV K
TRV K

where K, is the half-saturation constant, and V,,, is the maximal
velocity of phosphorylation by hexokinase.

The phosphorylation ratio and the transport ratio are likely to
remain constant both throughout the brain and in different func-
tional states. While the maximum velocities of transport and of
phosphorylation of FDG and glucose are likely to vary according to
the regional variation in transporter protein and hexokinase con-
centrations, respectively, the maximum velocities for FDG and for
glucose are likely to vary proportionally (/2). Thus, T*/T,,,, and
Via/Vimax are likely to remain constant. K, and K,, represent
kinetic properties of the hexose transporter protein and of hexoki-
nase, respectively, and can also be expected to remain constant
throughout the brain (/2).

The lumped constant for FDG (A) can be expressed as:

K*  K*k; + ky®)
K Kk

where @ is the fraction of glucose-6-phosphate further metabolized
(24). By assuming that the partition volume (V, = K,/k, = K}/k3)
is the same for glucose and its analogs (35), expressing K, in terms
of K} and the transport ratio (7) and expressing k, in terms of k3
and the phosphorylation ratio (¢), Equation 6 simplifies to:

¢ ¢\ K*
A—$+(T—6)K—7.

Using this formulation, changes in A can be identified if there is a
change in the ratio between K* and K. In this study, regional
estimates of A were obtained using Equation 7, estimates of K and
K* and published values of ¢ and 7 (24). Because the activity of
glucose-6-phosphatase is low, we assumed that ® = 1.

Eq. S

Eq. 6

Eq. 7
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Generation of maps of K} and K* was accomplished with the
following operational equation:

T(u
KTk3 CX(t) dtdu
0Y0

MX(T) =

T
+[KT+ Vo(k3 + k]| CXt) dt

0

T

+ VoCXT) — (k3 + k3)| M¥t) dt,

0

Eq. 8

where M% refers to measured tissue radioactivity, C¥ is arterial
tracer concentration and V, is a term which corrects for tracer
activity in brain vascular volume. In the region of interest-based
analysis, nonlinear least squares fitting was used to estimate kinetic
parameters using the following operational equation:

T T
M4(T) = Co(t) dt + (K¥— K*) | e®+k)e=TDC (1) dt
0 o
+ VOCa(T). Eq. 9
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