Eur ] Cancer Clin Oncol, Vol. 24, No. 7, pp. 1139-1150, 1988.
Printed in Great Britain

0277--5379/88$3.00+0.00
© 1988 Pergamon Press plc

Uncoupling of Hexose Transport and
Phosphorylation in Human Gliomas Demonstrated

by PET

KARL HERHOLZ, PETER ZIFFLING, WOLFGANG STAFFEN, GUNTER PAWLIK, RAINER WAGNER,

KLAUS WIENHARD and WOLF-DIETER HEISS

Max-Planck-Institut fiir neurologische Forschung und Universitdtsnervenklinik—Schwerpunkt Neurologie, Joseph-Stelzmann-Str. 9,

5000 Kéln 41 (Lindenthal), F.R.G.

Abstract—Tumor uptake of ['®F)2-fluoro-2-deoxy-glucose (FDG) was studied in 20 patients
with histologically classified gliomas, using dynamic positron emission tomography (PET).
Parametric images of local blood volume, glucose metabolic rate, transport and phosphorylation
rate constants were generated by weighted non-linear least-squares fils on a pixel-by-pixel basis.
Tumor metabolism, i.e. ratios of tumor peak metabolism to contralateral brain metabolism,
corresponded with histological grade. Approximately half of the tumors showed considerable
metabolic heterogeneity, and metabolically active areas were found in the periphery of seven
tumors. Rate constants of FDG transport and phosphorylation were significantly correlated and
were inversely coupled to plasma glucose levels in contralateral brain. In contrast, tumor transport
and phosphorylation rate constants varied independently of each other and of plasma glucose
concentration. In some tumors large alterations of FDG phosphorylation were observed in presence

of nearly normal FDG transport.

INTRODUCTION

B1ocHEMICAL in vitro experiments have shown that
glucose transport and phosphorylation may be
altered in gliomas and other brain tumors [1-3].
Therefore, positron emission tomography (PET)
after application of the glucose analog [ '®F]2-fluoro-
2-deoxyglucose (FDG) has been used for in vive
diagnosis of tumors, and a correlation between
histological grading and FDG uptake has been
demonstrated [4, 5].

In the present study, two refinements of the
PET-FDG technique were used in order to cluci-
date the relation between FDG transport and phos-
phorylation in human brain tumors ir vive, rather
than examining only total FDG uptake. First, the
time course of FDG accumulation was recorded
by dynamic PET scanning, and second, the time
activity curves were analyzed on a pixel-by-pixel
basis, yielding parametric images of local blood
volume, FDG transport and phosphorylation, and
glucose metabolic rate, in order to account as far as
possible for tumor heterogeneity. With this tech-

Accepted 22 December 1987.

Address for correspondence and reprint requests: Prof. Dr. W .-
D. Heiss, Universitatsnervenklinik—Schwerpunkt Neurologie,
Joseph-Stelzmann-Str. 9, D-5000 Kéln 41 (Lindenthal), F.R.G.

1139

nique, some tumors could be identified in which
regional alterations of FDG uptake were almost
exclusively caused by changes of hexokinase
activity. Generally, tumors showed large variability
of FDG transport and phosphorylation rate con-
stants. They were uncoupled from their normal
dependence on competing plasma glucose levels.

PATIENTS AND METHODS

Included were the PET studics of 20 consecutive
patients with histologically proven gliomas. Ages
ranged between 10 and 74 years (mean 45.7), nine
were females, 11 males. All patients had X-ray CT
scans with and without intravenous application of
contrast material.

Eleven patients were studied before any specific
tumnor therapy other than corticosteroids was
initiated. Eight patients had been operated on, in one
casc by stereotaxic biopsy only, six had received
radiation therapy, four chemotherapy (CCNU),
before their PET examination.

Histological classification according to current
WHO criteria was based on specimens obtained
during open tumor rescction in 15 cases, by open
biopsy in one, by stereotaxic biopsy in two, and by
autopsy in another two cases. Four tumors were of
grade 11, three of grade III, cight of grade 1V,
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Table 1. Patient data

Therapy before PET
Patient Age Tumor Tumor
No. (years) Sex  Side location Specimen grade Oper. Rad. Chemoth.
1 49 F L Parietal Biopsy 2 N N N
2 29 F L Frontal Resection 2 N N N
3 41 F R Frontal Resection 2 N N N
4 46 M R Midbrain Biopsy 2 N N N
5 48 F R Temporal Resection 3 N N N
6 52 M R Parietal Resection 3 N N N
7 57 M R Temporal Biopsy 3 N N N
8 74 F L Temporal Resection 4 N N N
9 46 M L Parietal Resection 4 Y Y Y
10 64 M R Parietal Resection 4 N N N
11 66 M R Temporal Resection 4 N N N
12 53 M R Temporal Autopsy 4 N Y Y
13 49 F L Frontal Resection 4 Y Y Y
14 10 M R Thalamus Autopsy 4 Y N N
15 45 M R Parietal Resection 4 N N N
16 59 F L Temporal Resection 2 (R) Y Y N
17 39 M L Frontal Resection 3 (R) Y Y Y
18 27 F R Frontal Resection 2 (R) Y N N
19 34 M R Temporal Resection 3 (R) Y Y N
20 25 F L Frontal Resection 2 (R) Y N N

Recurrent tumors are marked by (R) in column ‘Tumor grade’.

and five were recurrencies of tumors previously
classified as grade 11 or I11. All tumors were astrocy-
tomas or glioblastomas, respectively. Five tumors
were located in the parietal, seven in the temporal,
six in the frontal lobe, and two in deep brain
structures (brainstem and thalamus). All pertinent
patient data are listed in Table 1.

PET measurements

Patients were examined in a resting state with
eyes closed and ears unplugged. Each received a
rapid intravenous bolus injection of approx. 5 mCi
(185 MBq) FDG, synthesized according to Ido et
al. [6] or Ehrenkaufer et al. [ 7]. Sequential scanning
{(scan intervals 5X 1 min, 5 X 2 min, 5 X 3 min,
2 X 5min) was started at the time of injection,
with a total measurement of 40 min. Total scanner
count rates were continuously monitored by a rate
meter in order to determine the time of bolus arrival
in the brain. Starting at the time of bolus arrival in
the brain, approx. 20-22 blood samples were drawn
from a dorsal hand vein heated to 44°C in a water
bath, with initial sampling as fast as possible and at
progressively larger intervals after 2 min. Data of
seven slices parallel to the canthomeatal plane,
each approx. 11 mm thick, were simultaneously
acquired using a Scanditronix PC 384 PET scanner
[8], and images were reconstructed by filtered back-
projection with appropriate corrections for attenu-
ation and scatter [9, 10].

An active spatial filter was applied to the recon-

structed series of tomograms. This filter was
especially designed to improve the signal-to-noise
ratio in sequential tomograms, using simple statisti-
cal criteria; simulation studies ensured that it did
not disturb image quantitation. For each pixel,
the rate constants for FDG transport (K, from blood
to tissue, ko reverse) and phosphorylation (k;) were
calculated. Metabolic rates (MR) were computed
from these individual rate constants using the model
described previously by Heiss et al. [11] with a
lumped constant of 0.42. Calculations were done
by nonlinear least-squares fitting, using the number
of total counts per slice as an estimate of the variance
of data points for weighting. A local blood volume
term was included in the fitting procedure, as
suggested by Hawkins et /. [12] and Evans et al.
[13]. In order to accelerate the fits and to avoid the
problem of false local minima, starting values were
generated by a combination of the methods of Patlak
etal. [14] and Alpert et al. 15]. Parametric images of
blood volume, transport (K,) and phosphorylation
(k3) rate constants, as well as of the glucose meta-
bolic rate were used for data analysis.

Circular regions including the whole tumor bulk
as judged on the basis of corresponding X-ray
CT scans were superimposed onto the parametric
images and mean parameter values were calculated
within each region. If the tumor extended across
several slices, averages weighted by region size were
calculated. In addition, the tumor peak metabolic
rate was determined. For comparison average par-
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Tumor Contralateral brain (mean values)
Patient Plasma Peak Mean Mean Mean Mean blood Blood
No. glucose MR MR K, ks volume MR K, ks volume
1 4.44 35 14.0 0.056 0.018 0.038 28.2 0.083 0.055 0.032
2 7.10 23 9.1 0.034 0.016 0.013 22.0 0.067 0.035 0.044
3 5.21 30 16.2 0.073 0.026 0.050 22.7 0.081 0.045 0.068
4 5.77 21 8.1 0.030 0.025 0.041 25.3 0.102 0.033 0.062
5 6.60 54 35.5 0.065 0.053 0.028 16.3 0.054 0.024 0.022
6 5.93 31 22.1 0.086 0.028 0.075 22.1 0.071 0.051 0.052
7 5.99 15 10.0 0.090 0.011 0.046 17.7 0.070 0.031 0.034
8 4.55 40 14.0 0.038 0.038 0.025 24.2 0.068 0.060 0.030
9 19.75 51 20.7 0.034 0.015 0.031 16.9 0.028 0.013 0.030
10 10.60 29 18.7 0.055 0.022 0.058 23.4 0.064 0.025 0.062
11 7.52 36 11.4 0.035 0.019 0.142 24.0 0.064 0.046 0.165
12 6.10 31 21.2 0.068 0.046 0.056 21.4 0.071 0.041 0.056
13 5.99 25 19.2 0.065 0.038 0.025 19.2 0.077 0.034 0.039
14 5.21 40 12.7 0.104 0.017 0.072 23.8 0.083 0.042 0.059
15 6.04 79 32.8 0.069 0.050 0.053 19.1 0.069 0.032 0.034
16 5.43 75 24.3 0.093 0.042 0.043 20.5 0.068 0.045 0.035
17 5.99 33 9.0 0.023 0.019 0.007 27.1 0.072 0.047 0.021
18 7.24 42 26.6 0.043 0.047 0.060 236 0.048 0.041 0.070
19 4.66 34 12.1 0.046 0.025 0.014 23.5 0.076 0.054 0.028
20 4.17 33 14.4 0.049 0.028 0.039 29.9 0.082 0.057 0.067
Mean 6.72 37.9 17.6 0.058 0.030 0.046 226 0.070 0.041 0.051
+ S.D. +3.377 #1627 +7.78 +0.0231  *0.0131 +0.0294 +3.59 *0.0151 +0.0122  £0.0314

Units: plasma glucose, mmol/l; MR, umol/100 g/min; K|, ml/g/min; £, 1/min; blood volume, mi/g.

ameters were also determined in the whole contra-
lateral hemisphere at the level of the centrum semi-
ovale.

RESULTS

Comparing the parameters of all tumors with the
corresponding values of contralateral brain (Table
2}, mean FDG transport and metabolism was sig-
nificantly lower (P < 0.03, paired /-test) in tumors.
A wide range of metabolic rates was observed in
tumors, with peak values from 15 to 79 pmol/100 g/
min and mean values from 8.1 to 35.5 pmol/100 g/
min.
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No significant effect of patient age and gender on
tumor parameters was found. The four metabol-
ically most active tumors were located in the parietal
and temporal lobes, but no significant effect of
tumor location on metabolism could be demonstrat-
ed.

There was a trend of high-grade tumors towards
higher peak metabolic rates (Fig. la). Excluding
recurrent tumors, a significant rank correlation with
histological grade was obtained for the ratios of
peak MR over contralateral brain MR (Kendall’s
tau B = 0.449, P = 0.036; Fig. 1b).

The correlation of mean tumor MR and individ-
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Fig. 1. Tumor peak metabolic rates (a: absolute values, b: ratio with reference to contralateral brain) in histological classes (2, 3, 4
indicate tumor grade, R represents recurrent tumors of previous grade 2 or 3). A trend towards higher metabolic rates in malignant
tumors is obvious, with relatively high rates also in recurrent tumors.
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Fig. 2. X-Ray CT with i.v. contrast material (top row, left) and parametric FDG-PET images (glucose metabolic rate in pmol/

100 g/min, local blood volume in ml/g, transport rate constant K, in ml/g/min, and phosphorylation rate constant k. in 1/min)

of a right temporal glioblastoma (patient 15) with hypermetabolic, contrast enhancing rim around central necrosis. Good

vascularization but normal or even slightly decreased FDG transport in hypermetabolic area. Value ranges are displayed below each
image; the gray scale numbers indicate percentage values of individual range. Patient’s left is on viewer's right.
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Fig. 3. X-Ray CT (with contrast material) and parametric FDG-PET images (same arrangement as in Iig. 2) of recurrent right

fronto-temporal grade 111 glioma, 27 mm above canthomeatal plane. Note left frontal defect due to previous surgery, and right

fronto-temporal, hypermetabolic, conirast enhancing tumor mass. FDG transport is largest in the cerebellum and only slightly

increased in the tumor. The blood volume image shows mainly the major vessels (cavernous and transverse sinuses, confluens sinuum,

anterior and middle cerebral arteries). The phosphorvlation rate constant image is relatively noisy, with artifacts in low-counting
rate areas (defect and outside of brain), but the area of high phosphorylation rate within the tumor can still be identified.
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Fig. 4. X-Ray CT (with contrast material) and parametric FDG-PET images (same arrangement as in Fig. 2) of a right fronto-

temporo-parietal grade 111 glioma (patient 5) al 54 mm above canthomeatal plane; in addition, at the bottom row, corresponding

C-11-p-methylglucose parametric images of blood volume and transport rate constant are shown. The large, non-contrast enhancing,

clinically highly malignant tumor exhibits high FDG phosphorylation, e.g. in its anterior part, but normal transport of both glucose
analogs. Its middle part is poorly, the anterior and posterior parts are well, vascularized.
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Fig. 5. X-Ray CT (with contrast material) and parametric FDG-PET images (same arrangement as in Fig. 2) of deep right
temporal grade 111 glioma at 40 mm above canthomeatal plane. The non-contrast enhancing tumor shows very low phosphorylation
but normal FDG transport and vascularization.
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ual rate constants with histological grade was not
significant. Nine tumors had very inhomogencous
metabolism. In two glioblastomas, a rim of
increased metabolism was found around a central
necrotic area (Fig. 2). On CT scans, this pattern
corresponded with a contrast enhancing rim around
a low-density central core in the two cases. In seven
cases (three glioblastomas, four recurrent gliomas),
areas of focally increased metabolism were seen at
the periphery of the tumor. Only in three of these
cases, was a corresponding arca of contrast enhance-
ment secn on CT scan (Fig. 3), while in the others
the metabolically active area did not show distinct
X-ray features.

In most cases, the hypermetabolic areas showed
little or no increase of FDG transport (Figs. 2 and
3), indicating uncoupling of FDG transport and
phosphorylation. Correspondingly there was no sig-
nificant correlation between K, and k3 (Pearson
correlation coefficient R = 0.15) in tumors, in con-
trast to contralateral tissue where a moderate, albeit
significant correlation (R = 0.49, P = 0.028) was
observed. Uncoupling was most conspicuous in a
large grade III glioma (patient 5, Fig. 4). There
was a relatively homogeneous increase in FDG
metabolism (mean 35.5 wmol/100 g/min in tumor
vs. 16.3 in contralateral brain) but only a minor
increase in FDG transport (K, = 0.065 vs. 0.054
ml/g/min). In this case, a [''C]O-methylglucose
(OMG) study was also performed (Fig. 4, bottom
row), which confirmed normal hexose transport in
the tumor [K, (OMG) = 0.027 ml/g/min in tumor
vs. 0.026 in contralateral brain]. Another grade 111
glioma (anaplastic astrocytoma, patient 7, Fig. 5)
also showed distinct uncoupling, but in this case,
very low tumor metabolism (10.0 pmol/100 g/min
vs. 17.7 in contralateral brain tissue) was in contrast
with a slightly increased transport rate (0.090 vs.
0.070 ml/100 g/min).

Because FDG and unlabelled glucose compete
at the carrier and hexokinase enzyme, an inverse
relation between plasma glucose and rate constants
K, and k3 may be expected. Actually, a highly
significant  regression of K, (F;.9 = 19.31,
P =0.0003) and ks (F,,9 = 38.26, P = 0.0001)
on the inverse of the plasma glucose level was
observed in contralateral brain tissue (Fig. 6a, b).
However, this relation was not preserved in tumor
tissue (Fig. 6¢, d). Neither the regression of mean
tumor K, (F, o = 0.893, P =0.357) nor of &,
(Fi19=0.263, P=0.614) on the inverse of
plasma glucose concentration was significant.

A significant difference between the regression
lines of tumor and brain k;, respectively, on the
inverse of plasma glucose was found using multi-
variate  Hotelling-Lawley  tracer  statistics

(F, 18 = 5,361, P =0.033). Basically, the same

results were obtained for mean K, and £, values in
small circular regions of 10 mm diameter compris-
ing the solid tumor core rather than the whole
tumor, which in some cases included necrotic parts.
There was no significant dependence of tumor core
values on the inverse of plasma glucose.

Blood volume images were uscful for estimating
tumor vascularity relative to contralateral brain
(Figs. 2-5). However, no close relation between
histological grade or other clinical variables and
tumor vascularity was detected.

DISCUSSION

The present report focusses on the uncoupling of
FDG transport and metabolism in human gliomas.
A close correspondence of glucose supply and meta-
bolic needs has been demonstrated in normal brain
by an experimental study [16]. Accordingly, a sig-
nificant correlation between FDG transport and
phosphorylation rate constants was found in contra-
lateral brain, although the correlation coefficient
was slightly smaller than observed previously in
healthy subjects {11]. This may be due to variable
metabolic depression of contralateral brain tissue in
tumor patients. In contrast, no correlation between
FDG transport and phosphorylation was observed
in brain tumors. Both suppression of FDG phos-
phorylation (patient 7, Fig. 4) and large increases
in phosphorylation (patient 14, Fig. 2) were
observed in malignant gliomas, without much
change of hexose transport. The interindividual
variability of FDG transport and phosphorylation
in brain tumors was so large that the normal inverse
relation between competing plasma glucose and
FDG rate constants was lost. This finding indicates
that the activities of the corresponding enzymes
vary much more in tumors than in normal brain
tissue. It does, however, not imply a loss of compe-
tition between unlabelled plasma glucose and FDG
within individual brain tumors.

Disruption of the blood—brain barrier could theo-
retically cause alterations of FDG transport. This
possibility was however considered as unlikely by
DiChiro ef al. [17] and Hawkins ef al. [12]. Prelimi-
nary data from this laboratory also suggest that
there is no significant correlation between
blood—brain barrier permeability to substances like
[(8Ga]EDTA and alterations of FDG transport
or phosphorylation [18]. The present in vizo data
correspond well to changes of hexokinase activity
observed in vitro in glioma cells |3, 19, 20} and in
an experimental deoxyglucose study [21].

In a review of 100 cases and in previous papers,
DiChiro [5] reported a corrclation between histo-
logical tumor grade and glucose metabolism as
measured with FDG-PET. Our data show a similar
trend, which is best demonstrated by ratios of tumor
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peak-to-contralateral brain metabolic rate (Fig. 1)
because malignant tumors cause a suppression of
glucose metabolism in remote gray matter [22].
Absence of a ‘hot’ area apparently does not exclude
tumor malignancy, but its presence appears to be a
strong indicator of malignancy and poor prognosis
(5, 23].

We did not observe a significant effect of tumor
location on metabolism, as suggested by Tyler et al.
[24], but any firm statements concerning that issue
are precluded by the small sample size. The same
applies to possible effects of tumor radiation and
chemotherapy, which could not be demonstrated.

The finding of uncoupling of tumor phosphory-
lation bears implications with regard to quantifi-
cation of glucose metabolism by FDG studies. If the
calculation of the metabolic rate is based on single
scans only, as proposed by the adaptation of the
original autoradiographic deoxyglucose method
[25] to PET [26], fixed values for the rate constants
must be assumed, which may lead to considerable
errors if their normal relation is distorted—as is the
case in tumors. This problem is overcome in the
present approach by determination of the individual
rate constants. However, there remains another
problem. Differences between the affinities of glucose
and FDG to the blood-brain carrier enzyme and the
hexokinase are taken into account by the lumped
constant [25]. Its value may change, if the relation
between transport and phosphorylation changes. In
particular, an increase of phosphorylation relative
to transport, which was also observed in an exper-
imental tumor study [21], causes an increase in the
lumped constant {27]. It is tempting to try to use
the fitted rate constants to correct for that shift, as
proposed by Hawkins et al. [12]. But as shown by
Wienhard et al. [28] different approaches for that
correction [29, 30] may yield contradictory results.
Furthermore, it has been reported that hexokinase
isoenzymes, whose distribution may change in brain
tumors, show different relations of their affinities to
deoxyglucose and glucose [20]. Considering these
uncertainties, no attempt was made to correct for
the variability of the lumped constant. Therefore,

in our view, the metabolic rate in tumors as deter-
mined by FDG-PET cannot be regarded as a
strictly quantitative measure of glucose metabolism,
but as a measure of the activity of the first step of
the glycolytic pathway with respect to fluorodeoxy-
glucose. Despite these theoretical limitations, a good
correlation between FDG uptake measured by PET,
and glucose consumption as well as hexokinase
activity measured in cell cultures derived from
tumor specimens, has been shown by Kornblith et
al. [19].

In some previous studies {12, 24] rate constants
were fitted on the basis of regional curves usually
comprising the whole tumor. In comparison with
that approach, parametric images account for tumor
heterogeneity and provide the best information on
the extent and location of focal metabolic abnor-
malities that can be obtained under the constraints
of the counting statistics and spatial resolution
of PET. This is of particular clinical interest in
recurrent gliomas, where small metabolically active
areas were frequently found in the periphery of large
necrotic or metabolically inactive areas. Morcover,
fits on a pixel-by-pixel basis reduce the potential
bias of nonlinear fits, which is caused by tissue
heterogeneity [31]. The parametric images also
provide information about the vascularization of a
tumor, without requiring the application of another
tracer as in previous studies [32]. Including blood
volume in the fit of FDG uptake was feasible because
it does not increase the variance of the rate constant
estimates [12, 13].

The present study demonstrates that dynamic
PET provides detailed information on the basic
metabolic condition of brain tumors, which pre-
viously was available only by means of in wvitro
methods requiring tissue sampling. This appears to
be of particular value considering the large biologi-
cal heterogeneity even within histologically defined
tumor classes. It is, therefore, conceivable that
improved knowledge of the metabolic properties of
cach individual brain tumor may eventually lead to
a more specific and individually optimized tumor
therapy.
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