
erebral gliomas make up @.-50%of all intracranial
tumors. Despite recent advancements in microsurgical
techniques, refinements in radiotherapy, and new ap
proaches to chemotherapy, survival times remain short
for high grade tumors (1). To understand the malignant
process better, more must be known about the basic
metabolic and hemodynamic parameters oftumors and
how these influence tumor growth. This could then lead
to the design of improved therapy. Positron emission
tomography (PET) provides the techniques for nonin
vasive study of specific aspects of metabolism and per
fusion in normal and malignant tissue.

Study of these neoplasms is complicated by the in
herent heterogenicity of the tumors themselves, espe
cially those of higher grade. Data from previous studies
(2-4) have been based on nonhomogeneous patient
populations, including patients with newly diagnosed
tumors and recurrent lesions, as well as patients with

ReceivedJuly 24, 1986;revisionaccepted Feb. 4, 1987.
For reprints contact: Jane L Tyler, MD, Brain Imaging Center,

Montreal Neurological Institute, 3801 University St., Montreal,
Quebec, H3A 284 Canada.

and without surgery, radiation therapy, and/or chemo
therapy. The results reported from these studies, thus,
cannot be assumed to be applicable to newly diagnosed,
untreated neoplasms.

For these reasons, a project was undertaken to study
untreated cerebral gliomas using PET, by measuring
blood flow (CBF) and volume (CBV), glucose
(LCMRG1) and oxygen utilization (CMRO2), oxygen
extraction (OER), and pH.

MATERIALS AND METhODS

Patients
Sixteensubjectsconsistingof 11 males and five nonpreg

nant femaleswereenteredinto the researchprotocol.Allwere
referredto our institution for evaluation of an intracerebral
space-occupyinglesion suspected ofbeing a high grade glioma.
All patients had a Karnofskyneurologicperformancestatus
(5) of 50%or greater,and wereableto give informed consent.
All patients were studied with PET before any intervention;
none had prior surgery,chemotherapy,or radiation therapy.
Followingmetabolicand hemodynamicevaluationwith PET,
the pathologyof the intracerebral lesion was determined by
biopsy.
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Positronemissiontomography(PET)was usedon 16 patientswith untreatedcerebral
gliomasto measurecerebralglucoseandoxygenmetabolism,oxygenextraction,bloodflow,
andbloodvolume.In addition,pH valueswereobtainedfor sevencases.Gliomaswerelater
provenby biopsy;two patientshadtumorswith degreesof malignancyof gradeII, two
patientshadgradeIll, and 12patientshadgradeIV tumors.Comparedwith homologousgray
matterregionsin the oppositehemisphere,tumortissueshowedincreasedbloodvolume,but
decreasedoxygenextractionandoxygenmetabolism.Comparedwith gradeII tumors,grade
IV tumors demonstrated higher blood volumes, but lower relative oxygen extraction and
utilization.Tumorbloodflow was variable,but was lowerin the highergradetumors.Ratesof
glucoseutilizationin tumor,calculatedby usingindividuallydeterminedrateconstants,were
variable, and did not correlate with tumor size or tumor grade. Parietal tumors (n = 6) tended
to havehigherrelativeglucoseutilizationandbloodflow, and lowerrelativeoxygen
extraction,whencomparedwith frontaltumors(n = 4).TumorpHdifferedsignificantlyfrom
the pH in contralateral brain (p < 0.005); SIkalotic pH vSIueswere consistently seen. These
findingsinandaroundcerebralgllomasstudiedbeforeinterventiondifferfromtheresutts
foundin gliomasafterexposureto radiationor chemotherapy.
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Positron Emission Tomography

Positron emission tomography scans were collected on the
Therascan 3128 positron tomograph (6), a two-ring scanner
containing 64 bismuth germanate (BOO) detectors per ring.
Both direct and cross-slice coincidences were acquired, with
three slices obtained simultaneously. Image resolution was 12
mm (full width at half maximum) in both the transaxial and
axial directions. Images were reconstructed using the Theras
can software package (6-9).

Cerebral glucose metabolism. Fluorine-18- (@8F)labeled
fluorodeoxyglucose (FDO) was prepared on site (10); the
specificactivity was 680 mCi/mmol. Patients receiveda 5-
mCi bolus of [â€˜8@9p@J@injected intravenously over 1 mm.
Beginning simultaneously with the initiation of the FDO
injection, rapid sequential scans were obtained in order to
measure the FDO kinetic rate constants and to monitor the
uptake and fixation of the isotope in cerebral tissue (11).
Blood samples for determination of â€˜8Fplasma activity and
glucose concentration were taken from the opposite arm, using
direct arterial sampling. Forty minutes after the injection of
the [I8flfTJ@3,three medium resolution tomographic slices
were obtained simultaneously at each of two scan positions,
encompassingthe tumor siteas wellas distant cerebraltissue.
Twoto 5 milliontrue coincidenceswereobtained per slicein
these static scans.

The analysis of the static FDO scans was based on Phelps
Ct aL's (12) adaptation of the Sokoloff method (13); in addi

lion, a reformulation ofthe operational equation suggested by
Brooks was incorporated (14). The value of the lumped con
stant used was that established by Huang (15). Fluorodeoxy
glucose rate constants k1, k2, and k3 were calculated for each

region studied using data obtained during the dynamic FDO
study (11). In the latter procedure, the errors in rate constant
determination caused by vascular activity were reduced by
explicit inclusion ofthe regional blood volume (rCBV) as a fit
parameter.

Cerebral bloodfiow, blood volume, oxygen extraction, oxy
gen metabolism. Oxygen-iS- (150) labeled gases, 02, C02, and
CO. wereadministeredsequentiallyin one sessionto provide
three separate dataSetS.These were combined to provide func
tional maps for blood flow (CBF), oxygen extraction fraction
(OER),oxygenmetabolicrate (rCMRO2),and blood volume
(CBV)usingthe methodologyof Frackowiaket al. (16).

The â€˜@Oâ€”O2and â€˜@()@O@S@5weredeliveredcontinuously
during the study period at flows of 10 mCi/mm at 80 cc/mm,
and 5 mCi/mm at 60 cc/mm, respectively.Labeledgaseswere
mixed with 200 cc/mm of medical air, and were supplied to
the patient through a plastic face mask. Once inhalation of
the labeled gas was initiated, equilibrium was established over
a 12-mmperiod,followedby medium resolutionscans(trans
verse resolution = 12 mm FWHM) at the positions described
for the 18FDOstudy. Typically, 1.5â€”2.5million true events
were recorded for each â€˜@Oâ€”O2image, and 2â€”4million for
each â€˜50â€”C02image.

@5Oâ€”COwasadministeredat a dose rate of 80 mCi/mm at
100 cc/mm for 4 mm. The â€˜SOâ€”COsupply was then discon
tinued, and after a 1-mm equilibration period, low resolution
images (transverse resolution = 19.5 mm FWHM) were oh
tamed at the two scan positions. Three hundred to five
hundred thousand typical images contained true coincidences.
Throughout these studies, blood samples were obtained (with

drawn over 15â€”20sec) from an arterial line for the measure
ment of blood and plasma radioactivity as well as determina
tion of blood gases.

The oxygen analysis program generated maps for the four
functional parameters (CBF, CBV, OER, and CMRO2) for
eachanatomicplaneasa compositedataset.OERand CMRO2
images were corrected for CBV (1 7).

Cerebral pH. The cerebral pH was determined using car
bon-l 1 (â€˜1C)-5,5-dimethyl-2,4-oxazolidinedione (DM0) ac
cording to the method of Kearfott et al. (18) and Rottenberg
et al. (19). [â€œC]DMOwas injected as a 30-mCi bolus, and
low resolution dynamic scans were obtained over 30 mm.
Subsequently, the patient was scanned in the â€œhighâ€•resolution
mode in two positions through the tumor mass. Blood samples
were taken throughout the scanning time to obtain values for
plasma pH and carbon-l 1 (â€˜â€˜C)radioactivity. Cerebral pH
maps were produced according to the equation:

rCpH = log@R(lOâ€•@+ l0@) â€”l0@, (1)

where rCpH is cerebral pH, pHb is plasma pH, pKa is the pK
for DM0, and R represents the ratio of tissue to plasma
radioactivity. All pH measurements were corrected for CBV.

Image analysis. All studies were examined by placing cir
cular regions ofinterest (ROI) 9 mm in diameter over cortical
graymatter areasand overthe main bulk oftumor tissue.The
location and extent of the tumors were judged by comparing
the functional PET images with computed tomography (CT)
scans and/or magnetic resonance imaging (MRI) scans oh
tamed at the same levels.As the size of the tumor allowed,
multiple ROl over several PET scan levels were examined and
averaged to obtain a mear' functional value. In cases where
there was a cystic portion c@ the tumor, regions were chosen
along the tumor rim. For the analysis of the FDO images, in
addition to mean values for multiple ROl in the main tumor
bulk, the range of LCMROI values through the tumor was
determined by examining multiple profiles through the tumor.
The highest and lowest pixel values were then determined, in
order for this data to be compared with previous studies using
different FDO analysis techniques (2). For the analysis of
DM0 images,ROI examinedin the hemispherecontralateral
to the tumor were placed in locations that were exact mirror
images of the ROl placed over the tumor; in certain instances
this resulted in contralateral ROl encompassing white matter,
and occasionally ventricle, along with gray matter.

Values for the tumor hemodynamic and metabolic param
eters were compared using a least squares fit. In particular,
possible correlations between CBF and LCMRO1 and
CMRO2,and betweenMR and CBVand pH wereexamined.

RESULTS

Sixteen patients suspected of having intracerebral
gliomas on the basis of history, physical exam, and CT
scan were entered into the protocol. Eleven subjects
were male and five were female, the average age was 51
years (range 23â€”78yr). The tumor locations and CT
scan findings are presented in Table 1.

All patients had PET measurements of LCMRG1,
CBF, CBV, OER, and CMRO2. Due to technical diffi
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Patient
no.Age/sexTumor locationHistologicGradeCTenhancement172/FR-midfrontalIV+237/ML-thSIamusIllWeak

+376/FL-thalamusIV+459/MR-parietalII+550/FR-ParietO-OCcIPItaIIV+678/ML-temporalIVInfusion

not
done740/ML-frontalIIâ€”870/MR-parietalIV+923/FL-frontoparietalIV+1025/ML-frontalIll+1

158/ML-frontaiIV+1235/MthalamusIVWeak+1349/FL-centrum

ovaleIV+1458/MR-PaJietalIV+1529/MR-parietalIV+1655/ML-parietal/periventricularIV+

PatientTumorLCMRGIMR'
=

CMRO@/no.gradeMeanRange
CBP CBV@OER' CMRO2' LCMRGI pH

. LCMRGI (local cerebral metabolic rate for glucose) in ,@mol/100 9 tissue/mm [ calculated using the rate constants of Huang et

SI.(12), others calculated with @dMduSItyderived rate constants (10)].
t CBF (cerebral blood flow) in cc/100 9/mm.

* CBV (cerebral blood volume) as a fraction of 100%.

, OER (oxygen extraction fraction) as a percentage of I .00.

I CMR0@ (cerebral metabolic rate for oxygen) in Mmol/100 g tissue/mm.

I MR (metabolic rate) as the ratio of oxygen to glucose utilization.

TABLE I
Patient Populatlon with lntracerebrSIGbomas

values in these four cases. The findings are presented in
Table 2; patient data were assessed in relation to normal
control values at this institution.

Overall, tumor CBF was variable, and tended to be
lower, and more varied, in the higher grade lesions
(mean = 3 1 Â±16 cc/l00 g/min versus 43 cc/iÂ® g/
mm). Tumor CBV was increased by an average of 1.8
times the values in healthy controls, with values higher
and more varied in the grade III and IV neoplasms
relative to grade II tumors (5.8 Â±1.8% versus 4.8 Â±
0.6%). Tumor OER was within the normal range in six
cases (38%) and decreased by an average of 50% below
normal in the remainder. CMRO2 was decreased in all
tumors, and was significantly lower in the high grade
cases compared with the two grade II tumors (mean =
72 Â±24 @mol/100 g/min versus 122 14 mol/lOO g/
mm). LCMRG1 values were low in the tumors, aver
aging 40% lower than normal control values, however,
LCMRO1 values did not differ significantly between
low and high grade giiomas.

Metabolic and hemodynamic findings in tumor and
in a homologous gray matter region in contralateral
hemisphere were compared; the results for the 16 pa
tients with gliomas are listed in Table 3. CBF ratios of
tumor to contralateral brain were more variable in the

culties, pH measurements were obtained in only seven
patients, and dynamic FDO studies with measurement
ofindividual rate constants were not performed in four
of the 15 (Patients 3, 6, 8, and 11). The rate constants
ofHuang (15) were used in the calculation of LCMRG1

TABLE2
MetabolicandHemodynamicResultsin 16 Patlentswith Gliomas

4II22(17â€”31)434.30.411326.007II25(20â€”34)465.90.291
124.48Mean23.5454.80.351225.24Â±s.d.Â±2.1Â±2Â±0.6Â±0.08Â±14Â±1.0710III25(10â€”38)143.60.46662.642III28(12â€”31)635.40.151063.791IV19(8â€”35)317.30.27804.213IV35â€¢(32â€”37)455.10.18691.975IV32(25â€”53)628.20.131023.196IV39@(20â€”65)306.00.25621.598IV24(15â€”35)243.80.21421.759IV42(24â€”56)2510.00.12250.6011IV25(20â€”39)204.20.40773.0812IV27(19â€”42)425.70.21903.3313IV25(19â€”33)236.40.42883.5214IV16(10â€”22)133.70.44654.0615IV18(10â€”25)196.30.27462.5616IV23(18â€”26)205.90.401094.74Mean27315.80.28732.93Â±s.d.Â±7.7Â±16Â±1.8Â±0.12Â±25Â±1.15

7.34

7.35

6.99
6.81
7.06
7.43
7.18
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PatientTumorno.grade
LCMRGI CBF OER CBV CMRO2

Location
Frontal
(n=5)Parietal (n=6)Thalan*(n=3)LCMRGI0.94

Â±0.551 .09 Â±0.551 .22 Â±0.32CBF0.80
Â±0.401.07 Â±0.601.17Â±0.06OER0.69
Â±0.250.53 Â±0.280.41 Â±0.07CBV1.39Â±0.491.35Â±0.521.05Â±0.03CMRO20.57

Â±0.210.48 Â±0.220.52 Â±0.14MR0.42
Â±0.240.59 Â±0.370.34 Â±0.09

pHPatientTumor

gradeTumorContralateralbrainTumorMR15IV7.437.092.565IV7.357.143.1910Ill7.347.102.6416IV7.187.164.7414IV7.066.844.0612IV6.996.833.3313IV6.816.733.52

TABLE 3
MetabolicRatios:Tumorto ContralateralBrain

TABLE5
Tumorto ContralateralBrainMetabolicRatiosby Tumor

4 II 0.91 0.95 1.02 0.97 0.83
7 II I .09 0.83 1.00 1.40 0.83

1.00 0.89 1.01 1.19
Â±0.13 Â±0.09Â±0.01Â±0.30

10 Ill 0.64
2 III 1.33
1 IV 0.58
3 IV 1.25
5 IV 1.53
6 IV 0.8f
8 IV 0.69
9 IV 1.89

11 IV 0.86.
12 IV 0.89
13 IV 1.01
14 IV 0.59
15 IV 0.56
16 IV 0.82

0.96 0.90 0.51 1.37 0.51
Â±0.40 Â±0.47 Â±0.16 Â±0.43 Â±0.15

LCMRGI calculatedwith

0.83
0

0.52
0.62

0.67
0.36
0.40
0.53
0.30
0.27
0.55
0.58
0.52
0.65
0.35
0.78

M@n
Â±s.d.

0.56
1.20

0.40
1.10
2.09
0.53
0.65
1.45

0.77
1.22
0.48
0.56
0.70
0.87

0.84
0.33
0.62
0.47
0.21
0.67
0.48
0.34
0.66
0.42

0.46
0.59
0.51
0.57

1.12
1.08
2.23

1.02
2.38
1.59
1.36
1.07
1.14
1.04
1.31
1.13
1.17
1.48

Tumor pH (Table 4) was consistently higher than the
pH in the ROI in the contralateral hemisphere. In this
small series, no correlation could be found between
tumor and contralateral brain pH, and tumor metabolic
ratio.

The metabolic and hemodynamic parameters were
examined on the basis of tumor location (Table 5). In
these small groups, no significant difference was seen
in the CMRO2 ratios between tumor and contralateral
gray matter when the tumor site was considered. How
ever, the thalamic tumors (n = 3) were seen to have
lower ratios for OER, CMRO2, and CBV, and higher
ratios for CBF and LCMRG1 compared with the frontal
(n = 5) and panetal (n = 6) lesions, although when a t
test comparison was used, these findings were not sig
nificant at the p < 0.10 level.

When linear regression was used to compare the
results of various metabolic and hemodynamic param
eters in tumor tissue, no correlation was found between
LCMRG1 and CBF (y = 0.15x + 21.75; r = 0.325),
between CMRO2 and CBF (y = l.OOx + 47.08; r =
0.550), or between metabolic ratio and pH (y = l.57x
+ 14.65; r = 0.456).

The tumors were often seen to have metabolic effects
remote from the actual tumor location. Eleven of the
16 patients had global (whole brain) decreases in
LCMRG1, six of which had a greater decrease in the
hemisphere containing the tumor. An additional four
patients had decreased LCMRG1 in the entire hemi
sphere containing the tumor, with normal range values
in the contralateral hemisphere. Only one patient (Pa
tient 10) with a frontal tumor had no evidence of
LCMRG1 depression distant from the tumor. The av
erage hemispheric depression of LCMRG1 seen was
â€˜..@35%.Sixpatientshadglobaldecreasesin CMRO2,
two with predominance in the hemisphere containing
the tumor. Two other patients had diffusely decreased
CMRO2 only in the hemisphere containing the tumor.
The decreases in CMRO2 were accompanied by smaller
decreases in CBF, without a concomitant rise in OER.

Positron emission tomography images from two rep
resentative cases (15 and 5) are presented in Figures 1
and 2. Both cases demonstrate high CBV, low OER,
and low CMRO2 in tumor tissue. However, Patient IS

M@n
Â±s.d.

Huang's rate constants. Allother
LCMRGIvaluescalculatedusingindMduallydetern@nedratecon
stants.

high grade tumors, but overall the ratios did not differ
between low and high grade gliomas. Ratios of OER
and CMRO2 were much lower, but CBV ratios were
considerably higher in the grade III and IV tumors.
LCMRG1 ratios were variable, but tended to be slightly
lower in the high grade tumors. Greater variability was
seen in the LCMRG1 ratios (range, 0.56â€”1.89)than in
the CMRO2 ratios (range, 0.27-0.78).

The metabolic ratio, or the ratio ofoxygen to glucose
utilization, averaged 2.9 Â±1.2 (range, 0.6â€”4.2)in the
grade III and IV tumors. Fifty-seven percent of the
grade III or IV tumors had metabolic ratio values within
2 standard deviations(s.d.) ofpublished normal control
values(5.2 Â±1.2)(20). The two cases ofgrade II tumors
had metabolic ratios of 6.00 and 4.48.

TABLE 4
High Grade Tumor pH, and Metabolic Ratio (MR)
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FIGURE
GradeIVgliomaof the rightpatietSIregionin a 29-yr-oldmalethe tumorseenon CT scan(A),was seenlow LCMRGI
(B), low CBF (C), high CBV (D), low OER (E) and CMRO2 (F) and alkalotic pH (G). All CT and PET images are oriented
with the right cerebral hemisphere to the right in the picture.
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FIGURE 2
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metabolism,which representeda relatively high LCMRGI compared to the rest of the cortex (B). This tumor
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areorientedwith the nghtcerebralhemisphereto the right in the picture.
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demonstrated low LCMRG1 and low CBF in the tumor,
whereas, Patient S demonstrated high values of both
LCMRG1 and CBF in tumor. The CBV image is slightly
larger than the corresponding flow and metabolism
images for two reasons. Principally, the CBV image
includes activity located in extracerebral vessels and
consequently will appear to represent a larger brain.
Secondly, the CBV image is derived using â€˜5C0and
low-resolution reconstruction (transverse resolution =
19 mm FWHM), which will tend to blur the image at
the edges. CBV images collected at higher resolution
(12 mm FWHM) with the longer-lived â€˜â€˜COlabel are
only marginally smaller, confirming that the major
cause ofthe apparent size disparity is physiologic, rather
than methodologic, in nature.

DISCUSSION

Positron emission tomography provides a unique
opportunity to study physiologic processes in a nonin
vasive manner. This capability has been applied here to
the study of cerebral gliomas, using PET to evaluate
metabolic and hemodynamic parameters in these le
sions. Current acceptable therapy for gliomas involves
drugs and/or radiation aimed at disrupting the patho
logic growth of these tumors, with as little deleterious
effect as possible on surrounding brain. To this end, it
is crucial to understand the physiology of human
gliomas in vivo, and how that differs from the physiol
ogy of normal brain.

The present work was undertaken to study cerebral
blood flow and volume, oxygen extraction, oxygen and
glucose utilization, and pH in a group of patients with
cerebral gliomas before they had undergone surgery,
chemotherapy, or radiation treatment. Previous PET
studies of malignant gliomas generally have failed to
measure multiple parameters in the same patient, and
several studies have included patients after radiation
therapy and/or chemotherapy (2â€”4).Because it is
known that chemotherapy and radiotherapy, them
selves, cause changes in tumor as well as surrounding
brain (21-23) and because primary and recurrent glio
blastomas differ in their metabolism (24), we elected to
study only patients before initiation of any therapy.

The present study demonstrated variable CBF, high
CBV, and low CMRO2 in untreated gliomas (Table 2).
The variable flow reported is similar to findings in
animal studies (25-30). Low CMRO2 values are in
keeping with the relatively anaerobic energy metabo
lism in tumors and, as in previous work (31) CMRO2
in this study was decreased to a greater extent than was
CBF. The low OER implies that the tumor is not
ischemic however, and that perfusion is sufficient to
meet the metabolic need for oxygen. This finding is not
in keeping with a body ofexperimental work supporting
the theory that a proportion oftumor cells are relatively

deprived of oxygen (32). This apparent discrepancy
may be due in part to the relatively large resolution
volumes for PET scanners. Due to relatively poor spa
tial resolution of PET scanning, the presence of small
ischemic foci may not be detected, and a thin rim of
tumor around a cystic/necrotic center may not be ad
equately resolved. Also, quantitative artifacts may be
introduced by the â€˜@Omodel, itself. Measurements of
CBF with â€˜50â€”C02may be inaccurate in pathologic
situations, in which the brainâ€”bloodpartition coeffi
cient cannot be assumed to be uniform over the entire
brain slice (33). Inaccuracies in the â€˜50â€”C02study, at
the same time would affect the OER and CMRO2
computations (16). Arteriovenous shunting, resulting
in an effective increase in arterial blood volume, would
increase the background activity during the â€˜@Oâ€”O2
study, due to nonextracted hemoglobin-bound oxygen.
However, this would not result in alterations of OER
or CMRO2, because these parameters are corrected for
CBV by the â€˜SOâ€”COstudy (15,34).

In contrast with previously published work (35),
tumor CBV was found to be increased in all cases, both
in the absolute value for CBV and relative to the values
obtained in the contralateral cortex. This increase in
tumor CBV seen here is consistent with the angio
graphic appearance of an increased blood-pool in ma
lignant astrocytomas. Markedly increased vascularity is
seen in one-third ofcases, slight to moderately increased
in one-third, and a diffuse homogeneous or ring-like
blush in another 10% ofcases. The remainder, roughly
only 23%, appear relatively avascular on angiography
(36).

The results from this present study are similar to the
findings in a recent study of eight patients with brain
tumors, which reported decreased blood flow, decreased
oxygen extraction, and decreased oxygen utilization in
the solid sections ofuntreated tumors (37). Included in
this group, however, were a mixture of tumors: four
gliomas, two metastatic carcinomas, and a malignant
lymphoma; one patient did not have a biopsy. Later
work by the same group examined 15 patients with
untreated gliomas and found CBF very variable (32 Â±
27 ml/lOO g/min) and OER and CMRO2 decreased
relative to contralateral gray matter (36). In contrast to
this present work, however, that study reported a de
crease in tumor CBV (mean 4.3 Â±2. 1%) relative to

control values in that lab (mean 5.9 Â±0.6%).
The finding of variable and often very low LCMRG1

values in the tumors is in contrast with reports by other
groups studying large numbers of central nervous sys
tern neoplasrns using PET (2,38), and in contrast with
experimental work relating degree of malignancy to
tumor metabolism (39â€”41).Some have suggested that
hypermetabolism on FDG PET scans correlates
strongly with both tumor grade (2) and survival (4),
whereas, other investigators found no clear correlation
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between tumor grade and LCMRGI (33). These studies,
however, combined results from new tumors and re
current lesions, and included patients who had had
surgery with partial tumor resection, radiation therapy,
and in some cases chemotherapy. It is clear from this
present work on newly diagnosed tumors, however, that
the measurements from FDG studies oftumors by PET
provides information that is much more complex and
variable. Given the heterogeneity ofhigh grade gliomas,
with mixtures of necrotic tissue and actively growing
cells, it is not surprising that a range of glucose meta
bolic rates can be found within the solid part of the
same tumor (Table 2). Despite this fairly large range of
LCMRG1 values, however, the average rate of glioma
glucose metabolism was lower than that of the contra
lateral gray matter. The low LCMRG1 values found
cannot be attributed merely to an insufficient delivery
ofFDG to the tumor site for potential uptake. Although
tumor blood flow was low in certain cases, as previously
stated, no increase in OER was seen to indicate that
perfusion was inadequate to meet metabolic needs.
Other investigators (33) have found the tumor glucose
extraction ratio to be similar to that in remote brain.

In previous studies of tumor and normal brain glu
cose metabolism (42), the peak value of LCMRG1 in
tumor was reported, and generally high LCMRG1 val
ues were seen. Once again, however, this finding was
seen in a fairly heterogeneous group of tumors. In the
present study, LCMRG1 values from multiple ROl over
the tumor were averaged; in addition, both maximum
and minimum LCMRG1 values were obtained. By av
eraging nonhomogenous substructures, the latter
method cannot distinguish different metabolic states
within the tumor as well. On the other hand, it is not
as susceptible to the influence ofsurrounding structures
as is the peak selection approach. In PET imaging the
influence of neighboring features can have a significant
impact on the apparent activity within a small region
(43). Both the average and maximum LCMRG1 values
in this study were lower than the LCMRG1 values
reported from a combination of cases of both newly
diagnosed and recurrent tumors.

The reason for this difference in LCMRG1 between
untreated and recurrent gliomas is not clear. Attempts
at tumor killing with radiation or drugs may select out
the most malignant cell types, which, when they mul
tiply and are recognizable as tumor recurrence, have
much more aggressive metabolic characteristics and
higher rates of glucose utilization as measured by the
PETâ€”FDG technique. Alternatively, basic differences
may exist in the metabolism of tumor cells before and
after exposure to radiation and chemotherapy, despite
a similar pathologic appearance. It is known that malig
nant transformation of glial cells is capable of quanti
tatively altering the transport of substances, including
glucose, into tumor cells (44â€”46),and there is increased

activity ofthe enzymes leading to the pentose phosphate
shunt in tumors (47,48). In light of alterations of nor
mal biochemistry in tumors, the FDG model may not
accurately reflect the path of glucose utilization or the
total energy metabolism (e.g., utilization ofglycogen or
fatty acids) in these lesions.

The depression ofmetabolism distant from the tumor
seen here also has been reported earlier (43,49). This
depression could not be explained by the physical influ
ence ofan expanding tumor alone. In this remote tissue,
metabolic suppression was not always accompanied by
evidence of a midline shift of structures or significant
edema. Neither can the metabolic suppression be fully
attributed to decreased perfusion. Although peritu
moral blood flow has been shown to be reduced with
advanced degrees of peritumoral edema (50), a study
of excised edematous human peritumoral tissue dem
onstrated only an 8% mean increase in gray matter
volume (51). In addition, no increase in oxygen extrac
tion (suggesting inadequate perfusion) was seen in these
remote regions, and the degree of LCMRG1 and
CMRO2 suppression was much greater than the de
creases seen in CBF. Thus, in light of the absence of
physical factors to explain this remote suppression, we
agree that transneuronal interactions may be important
mechanisms for this suppression (48).

The metabolic ratios (CMRO2/LCMRG1) were
within normal limits (20) in the two patients with grade
II lesions. In the higher grade tumors, 21% were within
1 s.d. of normal (20), and 57% were within 2 s.d.
Although in most cases this calculation represents se
vere decreases in both oxygen and glucose metabolism,
the relationship between CMRO2 and LCMRG1 shown
here does not appear as uncoupled or deranged, as
predicted from previous studies (32) reporting anaero
bic glycolysis in tumors.

Positron emission tomographyâ€”DMOmeasurements
of tissue pH in this study consistently found higher
values in the tumor mass than in contralateral gray
matter. This is in agreement with clinical and experi
mental studies reported elsewhere (19,52,53), in which
tumor tissue was found to be more alkaline than remote
brain tissue. This finding may be due to the abnormal
bloodâ€”brainbarrier seen in malignant gliomas (54),
with leakage of DM0 into tissues, resulting in a spu
riously high pH reading. This also may be partially due
to the effects of an increased extracellular fluid volume
in tumor tissue; measurements of extracellular fluid
volume (Ye) in rats has shown higher values for V@and
higher tissue pH values in implanted RG-2 glioma
tissue than in remote rat brain (52). However, in the
same study (52), autoradiographic measurements of
intracellular pH showed no significant difference be
tween the tumor cells and normal brain cells, despite
the presumed high rate of anaerobic glycolysis and
presumed lactic acid production in tumor tissue (38).
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An alternative explanation for higher glucose utilization
could be found in increased activity of the pentose
phosphate shunt, which would result in the production
ofnucleic acids, ratherthan the accumulation of lactate.

It is interesting to note that in this series of patients
there was some tendency for tumor tissue with higher
pH values to have lower metabolic ratios (Table 4).
Tumors with the greatest abnormalities in metabolism
may have the most severe depression of oxygen utili
zation, and higher shunting of glucose substrate into
the pentose phosphate shunt, with less lactate produc
tion. Alternatively, pathologic changes in tissue pH,
perhaps due to increased V@,could adversely affect
neuronal metabolism, or intrinsic abnormalities in tu
mor cell metabolism could lead to increased V@,subse
quently producing a more plasma-like pH value in
tumor tissue. Full understanding of the interplay of
these parameters may allow the manipulation of pH in
the future in the hope of affecting the delivery and
distribution of chemotherapeutic drugs or by affecting
the sensitivity of tumor cells to radiation therapy
through changes in regional pH.

Although the number of patients in each group was
small, it was interesting to note trends in metabolic
parameters based on tumor location (Table 5). It has
been previously reported that glucose utilization can be
an important prognostic factor for patients with recur
rent frontal, parietal, and thalamic neoplasms (4). The
thta from this present study would suggest the possibil
ity of inherent metabolic differences in the ratio of
untreated tumor to contralateral brain for LCMRG1,
CBF, CBV, OER, and metabolic ratios, based on tumor
location. Clearly, larger numbers of patients must be
studied to confirm these trends.

In summary, although high grade gliomas represent
a fairly heterogeneous group of tumors, certain meta
bolic and hemodynamic similarities were seen in the
present study. Decreased OER and CMRO2, and in
creased CBV and pH appeared to be common charac
teristics, whereas CBF was quite variable within these
tumors. LCMRGI was variable within tumors, but av
eraged 40% lower than control values. This finding
suggests intrinsic metabolic differences between un
treated tumors and tumors recurring after therapy, in
which high LCMRG1 values have been observed (2,4,
42).

NOTE

â€¢Normal range values obtained in nine healthy control
subjects (six male, three female), mean age, 47 yr, LCMRG1
= 45.4 Â± 2.9 mol/l00 g tissue/mm; CBF = 39.3 Â± 7.8 cc/l00

g/min; CBV = 3.2 Â±0.7%; OER = 47.5 Â±5.0%; CMRO2 =

170.9 Â±31.6 @tmol/lÂ®g/min.
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