
to tumor blood flow measured with C'502 and PET was
reported from Langen et al. (9).

d,l-HMPAO is a lipophilic technetium complex that
freely crosses the intact blood-brain barrier. Following
initial washout, it remains trapped in the brain without
relevant redistribution over a period sufficient for data
acquisition using a gamma camera. In vitro studies have
shown that the d,l-HMPAO decomposition rate linearly
depends on present glutathione (GSH) concentrations
(10). Glutathione represents the major amount of free
thiols in mammalian tissues and protects cells from oxi
dative challenge. It was concluded that GSH is the predom
inant factor for conversion from the lipophilic form to
hydrophilic derivatives. The measurement of regional
GSH concentration in the human brain, however, is crit
ical due to rapid enzymatic conversion of GSH in post
mortem studies (11 ) and consistent data about normal
OSH levels in different brain regions are not available at
present. Since most of the patients suffering from brain
tumors undergo surgical tumor resection, this therapeutic
approach offers easy access to tumor specimens for GSH
determination.

In the controversial discussion about CBF quantifica
tion with d,l-HMPAO SPECT, the intracellular retention
mechanism still plays a crucial role. If the assumptions
hold true that the retention of d,l-HMPAO is predomi
nantly GSH-dependent and that the conversion rate is
uniform in all brain tissues, one would expect a statistically
significant correlation between tissue GSH concentrations
and regional tracer uptake in SPECT studies. The purpose
of the present study is to test this hypothesis.

MATERIALSANDMETHODS

Patients
A total of 70 patients (male n = 33; female n = 37) with

intracerebral tumors (glioma n = 30 (mean age = 50. 17 Â±15.28;

male 13, female 17), meningioma n = 19 (mean age = 62.9 Â±
13.5; male 8, female 11), angioma n = 3 (mean age = 35.3 Â±
22.3, male 2, female 1), metastases n = 10 (mean age = 54.7 Â±
15.3, male 5, female 5), neuroma n = 2, lymphoma n = 2,
neurocytoma= 1, epidermoidn = 1, gliosisn = 1, cholesteatoma
n = l)was investigated using d,1-HMPAO-SPECT. In all subjects,

Technetium-d,HMPAO SPECT was performed in 70 patients
suffering from intracerebral tumors of various histologic types
(glioma n = 30, meningeoma n = 19, metastases n = 10,
angioman = 3, neuroman = 2, lymphoman = 2, neurocytoma
n = 1, epidermoid n = 1, gliosis n = 1, cholesteatoma n = 1).
Tumorclassificationwas histologicallyverifiedin all subjects
except in two cases with inoperable angiomas. SPECT was
performed under resting state conditions with a dual-head
rotating camera (SIEMENS ZLC 37) followingintravenous
injectionof 18â€”25mCi 99mTc.@1-HMPAO.Regionaltracer
deposit was expressed in terms of a cerebellar index (CBI).
Significantlyhigher regionalHMPAOuptake was found in
meningeomas when compared with gliomas of different ma
lignancy(ANOVA p < 0.05). Withingliomas,regionaluptake
increased with malignancy (n.s.). In 23 patients, a total of 32
tumorspecimenswere obtainedfor histochemicalanalysisof
glutathione(GSH)content using high-pressureliquid chro
matography.A significantcorrelation(leastsquaremethod,p
< 0.001) betweenCBIsand GSH valueswas found,support
ingthe hypothesisthat GSH is the predominantfactorfor the
conversion of the lipophilic complex to hydrophilic denvates.

J NucIMed 1991;32:1675â€”1681

ince 99mTcd 1-hexamethylpropyleneamine oxime
(99mTc.d, 1-HMPAO, CeretecÂ®,Amersham Intl.) was first
introduced as a tracer for rCBF imaging (1â€”3),its use in
various states of diseases has been extensively evaluated
(4). ThepotentialvalueofHMPAO asa tumorbloodflow
agent was first demonstrated in non-cerebral animal tu
mors (5). In human brain tumors, controversial observa
tions were reported on the uptake behavior of this ligand
(6). Lindegaard et al. ( 7) reported low regional uptake in
10 of 12 patients with gliomas. In contrast, Babich et a!.
(8) described a greater variation of areas with markedly
increased tracer deposit as well as photopenic ones. A close
relation of d, l-HMPAO distribution in gliomas compared
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the diagnosticprocedure included clinical investigation,CAT,
and four-vessel intra-arterial angiography. All CAT investigations
were performedwith and without contrast enhancement in the
same session.Both CAT and SPECTwere carried out within 2
to 4 days. SPECT was performed prior to surgery and prior to
radiation or chemotherapyrespectivelyin all but four patients
with tumor regrowth at least 6 mo after craniotomy. Tumor
classification was histologically verified, based on open-tumor
resection,accordingto current WHO criteria. In two caseswith
inoperableangiomas,the diagnoseswere made neuroradiologi
cally.

d,HMPAOSPECTStudies
SPECTwas performedwith a dual-headrotating scintillation

camera(SiemensDual Rota ZLC 37)equippedwithparallel-hole
HIRES collimators(FWHM 12 mm). Sodium perchiorate(500
mg) was given before tracer administration. Eighteen to 25
mCi(666â€”925MBq)ofd,l-HMPAO wereinjectedintravenously
immediately after formulation of the kit, following the instruc
tions of the producer.A detaileddescriptionof data acquisition
and imagereconstructionproceduresused in our laboratorywas
givenearlier (4). For final evaluation,sevensingleslices(3.125
mm thick) were summed consecutively to obtain a set of 21.9-
mm thick transverse sections covering the whole brain. The
reproducibilityof our SPECF systemwas evaluatedearlier in a
quantitative phantom study (12). For volumes of 14.5 ml, highly
reproducible values were obtained. Considering the recommen
dations of Mazziottaet al. (13), the in-plane resolution limit of
reconstructed SPECT tomogram was twice the FWHM of 12 mm
(HIREScollimators).

For data evaluationtwo regionsofinterest (ROIs)weredrawn
in two representative summed cross sections: one around the
tumor marginas indicatedby CATimagesand the other circum
scribing the ipsilateral cerebellum. To avoid interobserver varia
bilities, all ROIs were drawn by a single, anatomically trained
neurologist (E.S.). Planar slices of contrast-enhanced CAT and
SPECT tomograms, representingabout the same orbitomeatal
line, werecompared togethervisuallyby an experiencedneuro
radiologist(K.H.). For semiquantificationof tumor uptake, a
tumor-to-cerebellumratio [cerebellarindex; CBI = averagects
per pixel(tumor ROI)/averagects per pixel(cerebellarROI)]was
calculated,indicatingrelativelyhighand lowtracer uptake refer
ring to the cerebellum. This procedure is identical with that
describedby Langenet al. (14). The ipsilateralcerebellumwas
chosen to avoid errors due to crossâ€”cerebellardiaschisis (CCD) as
described previously (7). In normals, an interhemispheric differ
ence of regionalHMPAO retention exceeding12%was consid
ered as pathologic (4). Likewise, a significant interhemispheric
asymmetry in the cerebellum was estimated by a color-coded
display, with colors separated by 12% steps. Thus, CCD was
diagnosed in patients with frontal lesions, when the cerebellar
asymmetry exceeded 12% (n = 21).

In those cases in which GSH concentration was measured,
additional ROIs were drawn representing the location from which
tumor specimenswere taken. The placementof these ROIs was
guided by the description of the surgeon (cortex, tumor border,
tumor center,approximatedistancefrom craniotomy).To avoid
errorsdue to the partial volumeeffect,ROIsexceededthe sizeof
tissuespecimens(matrix sizeof ROIs greater than 8 x 8 pixels;
pixel size: 9,765 mm2).

Determination of GSH Content
In 23 patients, a total of 32 biopsy specimens (glioma n = 15;

meningioma n = 10; metastasis n = 5; neurocytoma n = 1;
neurinoma n = 1) were obtained for quantitative GSH determi
nation using high-pressure liquid chromatography (HPLC).

Brain tumor specimens were obtained during craniotomy,

immediately dropped into liquid nitrogen, and kept frozen at
â€”196Â°C.After weighing the tissue, samples were homogenized in
10 vol of ice-cold 0.4 M perchloric acid and centrifuged. Super
natants were stored at â€”70Â°Cfor 2 days to 6 wk and thawed just
beforeanalysis.Twenty-fivemicrolitersof supernatantâ€”equiva
lent to 2.5 mg fresh tissueâ€”were analyzed. For separation of
amino acids, a 3. 1-mm x 25-cm column, packed with BioRad
AminexHP-Ccationexchangeresinand a stepgradientofbuffers
(0.2MNatrium-formiat adjustedto a pH of2.75 withphosphoric
acid followed by 0.2 M Natrium-acetic acid, pH 5.55) was used.
This procedurealloweda clear separationof GSH from aspartic
acid. The eluate was mixed continuously with 0.5 M borate
buffer, pH 11.2, containing 0.1% mercaptoethanol and 1%
ophthaldialdehyde. The fluorescent derivatives were measured by
an Amino fluorometer equipped with a l0-@ilquartz flow cell, a
Corning 7â€”51primary filter, and a Wratten 8 secondary filter.
Fluorescence was detected at 360 nm excitation and 450 nm
emission wavelength. Chromatograms were integrated automati
cally and compared to external standards containingGSH (1.5
g/l) as wellas variousamino acids(modifiedafter reference15).
This method revealedquantitativeGSH content in tissueprobes
(nmol/mg wet weight).

MAb FactorVIII Immunostaining
To reveal information about the vascular compartment in

tumors, a morphometric measurement of tumor specimensby
means of a ratio between the total amount of vascular area and
the determined tumor area was performed using the MAb Factor
VIII immunostaining technique. Eleven samples were evaluated
in nine patients (meningioma n = 5, glioma n = 4, metastasis n
= 2).

Adequate portions of tumor tissue sampled for the GSH
determination were fixed in buffered formalin and embedded in
paraffin. Paraffin sections were stained immunohistologically
with the MA!, Factor VIII (DAKO) using the indirect ABC
technique. Counterstain was done with HÃ¤malaun.In the light
microscope, all tissue sections were evaluated planimetrically by
a modified point counting method described elsewhere (16). One
to 2 cm2 of each tumor tissue, i.e., six to eight visual fields at low
magnification range, were investigated. Thus, the total amount
ofvascular area, defined by MAb Factor VIII stained endothelial
layer, was determinated quantitatively. The ratio between the
tumor area and the vascularareawascalculatedand expressedas
a percentage. A higher percentage was generally found in tumors
with increasedvasculardensityof sinusoidalvessels.In contrast,
tumor biopsies composed oflarger areas without a higher number
of venules were represented by lower percentual values. Thus,
highly vascularized tumors were assumed to contain more blood
volume than those with low vascular density.

RESULTS
Comparisonof HMPAOUptakeinDifferentBrain
Tumors

When SPECT images were estimated visually, regional
tracer deposit appeared to be abnormal in all cases. The
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location and the extention ofregional abnormalities agreed
well with tumor delineation seen in CAT images. In those
cases, however, where low uptake and perifocal edema
dominated, visual discrimination of tumor borders was
partially limited in SPECT tomograms and contrast-en
hanced CAT had to be used as a reference (n = 12). Due
to blood-brain barrier permeability alterations, CAT
showed low contrast enhancement in many cases in the
edema as well. In this study, however, the contrast was
sufficient for clear discrimination of tumor margins in all
instancies when CAT was used as a reference. When a
tumor-to-cerebellum ratio of 1% Â±5% (range of CBI:
0.95â€”1.05) was assumed as normal range, cerebellar in
dices were within these limits in six patients (meningiomas
3, metastases 2, lymphoma 1). In low-grade astrocytomas
(Iâ€”I!),regional tracer uptake was lower than in the cere
bellum in all except one case (CBI = 1.067). In Grade III
astrocytomas both relatively high as well as relatively low
uptake was observed. These tumors could be discriminated
from lower grade astrocytomas due to higher regional
uptake or to perifocal edema. Grade IV glioblastomas were
identified by inhomogenous uptake within tumor borders

FIGURE 1. Gliomas.(CaseI) Transversecrosssections(cra
nial= left; caudal= right, frontal = top) in a 21-yr-oldfemalewith
rightsided hemiparesis.SPECT shows low uptake in the left
meso and inferior frontal lobe indicatingastrocytoma I. CBI =
0.598. (CaseII)Transversecrosssectionsina 38-yr-oldfemale
with minimal hemiparesisof the left side. SPECT shows low
uptake in the right superior and mesofrontal region and in the
right insula indicating astrocytoma II. Notice that the right central
region is partially unaffected (see second slice). CBI = 0.69.
(Case III) Transversecross sections in a 21-yr-old female with
clinical findings according to intracranial pressure syndrome.
SPECTshows high tracer uptake in the great commissureand
uptakedeficit in the right superiorfrontal region,indicatingastro
cytoma Ill. CBI = 1.324, GSH= 1.58 nmol/mg.(CaseIV)Trans
verse cross sections in a 78-yr-old female. According to the
stroke-like occurrence of left-sided hemiparesis a progressive
stroke was initially diagnosed. SPECT shows circular tracer
uptake atypically located in the right hemisphere(secondslice)
surrounding a low uptake area (necrosis), indicating glioblastoma
IV. CBI = 0.65, GSH= 0.77 nmol/mg.

as well as penfocal edema. Typically, a low uptake zone
in the tumor center was found, representing central necro
sis surrounded by a high uptake zone. Alterations of
normal brain structures due to mass effects and infiltrating
tumor growth were frequently observed in Grades III and
Iv gliomas(Fig. 1).

In meningiomas, a high and rather homogenous tracer
deposit was seen predominantly. These tumors were typi
cally located close to meningeal structures. In three cases,
CBIs were within the range of cerebellar values. Since the
cerebellum generally shows the highest tracer uptake in
the brain, these tumors appeared as high uptake zones
compared to non affected brain tissue. Likewise, in only
two patients with calcified meningeomas was low regional
uptake observed (Fig. 2). A controversial observation was
made in angiomas, where one of three studies revealed
high tracer uptake in the tumor region (CBI = 1.25) (Fig.
3).

Uptake behavior in metastases varied. Tracer deposit
appeared to be low in those patients in whom broncho
genic (n = 3), breast (n = 2), chondrosarcoma (n = 1), or
melanoma (n = 1) were the primary neoplasms. High
uptake was seen in patients with hypernephroma (n = 2)
and in a highly malignant epithelial metastasis of unknown
origin (Fig. 4).

FIGURE 2. Meningiomas.(A)Transversecrosssectionsin a
80-yr-old male with a meningiomaoriginatingfrom falx cerebri.
The predominant symptoms were a psychoorganicsyndrome
associatedwith hallucinatoryevents. SPECTshows high tracer
uptake in the fronto-basalmidline(thirdslice).CCDis seenin the
left cerebellum. CBI = 1.065. (B) Transverse cross sections in a
57-yr-old female with clinicallyevident right-sided hemiparesis.
SPECTshows a high uptake area in the left frontopolar region
surrounded from a low uptake zone (edema) in the ipsilateral
hemisphere.CCD is seen in the contralateralcerebellum.CBI =
1.265,GSH= 4.37 nmol/mg.(C)Transversecross sectionsin a
45-yr-oldfemalewith cerebellopontineangle syndrome.SPECT
shows high uptake in the right cerebellopontineangle. CBI =
1.308. (D)Transversecross sections in a 71-yr-old femalewith
homonymous hemianopia of the left visual hemifield. SPECT
shows uptake deficiency in the right occipital region, indicating a
calcifiedmeningioma.CBI = 0.328, GSH= n.d.
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surrounding, nonaffected brain tissue, although CBIs were
close to 1. In acoustic neuroma (n = 2), HMPAO uptake
appeared similar to normal cortical brain tissue. These
tumors, however, were located typically in the cerebello
pontine angle and were therefore easily recognized.

Cross-cerebellar diaschisis was observed in patients with
frontal lesions and low tracer deposit in the contralateral
cerebellum, when the cerebellar asymmetry exceeded 12%
(see Material and Methods). These criteria were fulfilled
in 21 patients (gliomas n = 12, meningiomas n = 5,
metastases n = 2, lymphoma n = 1, gliosis n = 1).

In six clinical groups, mean CBI Â±s.e. (standard error)
was calculated (astrocytoma Iâ€”Iln =8, mean CBI = 0.732
Â±0.058; astrocytoma III n = 10, mean CBI = 0.762 Â±
0.098; glioblastoma IV n = 12, mean CBI = 0.8 16 Â±0.12;
meningioma n = 19, mean CBI = 1.075 Â±0.087; angioma
n=3,meanCBl=0.906Â±0.171;metastasesn= 10,
mean CBI = 0.693 Â±0.08 1). Mean CBI slightly increased
with malignancy of gliomas (ANOVA within histologic
subclassification revealed no significance). In meningio
mas, generally the highest tracer deposit was observed.
Statistical comparison (ANOVA) of CBIs revealed signifi
cant differences between meningiomas and each of the
three glioma subgroups (DF = 3; F = 2.914; p < 0.05)
(Fig. 5).

Correlationof HMPAOUptakeandGSHContent
In cases where biopsy specimens were obtained during

surgery, ROIs were drawn corresponding to the location
oftissue probes (see Materials and Methods). A cerebellar
index [CBI = average cts per pixel (specimen ROI)/average
cts per pixel (cerebellar ROl)] was calculated and corre
lated with GSH values by linear regression analysis. The

FIGURE5. Meancerebellarindex(CBI)Â±s.e.inastrocytoma
Iâ€”Il(n = 8), astrocytoma Ill (n = 10), glioblastomaIV (n = 12),
meningioma(n = 19), angioma(n = 3), and in an inhomogenous
groupcontainingmetastases(n= 10)ANOVArevealedsignificant
(p < 0.05) differencesbetween CBIs in meningiomascompared
with astrocytomaIâ€”Il,astrocytomaIII and glioblastomaIV, re
spectively.

FIGURE3. Angiomas.(A)Eighttransversecrosssections(first
and second row) in a 61-yr-oldfemalewith angiomaverified by
angiography.SPECTshows low uptake in the left frontal lobe.
CBI= 0.71. (B)Eighttransversecrosssections(thirdandfourth
row) in a 21-yr-oldfemalewith a vascularmalformationin the
rightoccipito-panetalregion.SPECTshowshighbut inhomoge
nous tracerdeposit in the affected location.CBI = 1.25.

Furthermore, high uptake was found in neurocytoma
(n = 1) and one lymphoma, and low uptake was found in
one epidermoidal tumor. In gliosis (n = 1) and in another
lymphoma, tracer uptake appeared to be higher than the

FIGURE4. Metastases.(A)Transversecrosssectionsina51-
yr-oldfemalewith a cerebralmetastasisoriginatingfroma pe
npheralbronchialneoplasm.SPECTshows low uptake in the left
parietalregion.CBI = 0.5. (B)Transversecross sectionsin a 63-
yr-old male suffering from hypemephroma. SPECT shows high
uptakein the leftsuperiorfrontalregioiisurroundedfroma low
uptake zone (edema). CBI = 1.0,9, OSH = 1.37 nmol/mg.
(C)Transversecrosssectionsina 37-yr-oldfemalewithmela
noma. Uptake deficiency in the Jeft frontal lobe is revealed by
SPECT.NoCCDcanbeobserved.CBI= 0.51. (D)Transverse
cross sections in a 77-yr-old male with cerebellar symptoms.
SPECTshowsabnormallycoqfigurateduptakein the leftcare
bellum,indicatinga metastasis@fananaplasicepithelialtumorof
unknownorigin.The highlymalignantneoplasminfiltratedlocally
into the skull.CBI = 0.986, GSH = 0.907 nmol/mg.
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results are shown for all samples (n = 32; y = 4.899x â€”
1.527; r = 0.80; p < 0.00 1) (Fig. 6). When calculating data
from meningiomas (n = 10; y = 4.0498x â€”0.394; r =
0.863; p < 0.01) and gliomas (n = 15; y = 5.0385x â€”
1.926; r = 0.68; p < 0.01) separately, linear regression

analysis yields a significant correlation between GSH and
CBI values in each group respectively. In contrast, no
correlation was found in metastases (n = 5; y = 5. 1lx â€”
1.38; r = 0.36; n.s.). It is remarkable that even when GSH

was not detectable, HMPAO uptake was observed in all
groups. This indicates that factors in addition to GSH
might contribute to HMPAO conversion in vivo.

GSH levels in normal brain tissues reportedly vary
between 1â€”10mM (10). For tumor tissues, data about
increased GSH levels are established. In this study, higher
GSH values (mean Â±s.e.) were found in meningiomas (n
= 8, mean GSH = 3.861 Â± 0.793 nmol/mg) and in normal

cortex (n = 3, mean GSH = 2.72 Â±0.55 nmol/mg) than
in gliomas (n = 14, mean GSH = 1.547 Â±0.306 nmol/
mg). Independent t-test revealed significant differences of
GSH values between meningiomas and gliomas (n = 22; t
= 3.229; p < 0.004; data not shown). Due to the small

number ofsamples, data from normal cortex (two patients
with meningiomas and one with glioma) were not taken
into consideration for statistics.

EstimationofTumorVascularization
In normal brain tissue, about 0.3% of the injected

activity was assumed to represent the vascular compart
ment, resulting in a CBF:CBV ratio of about 17:1 (7). For
estimation of the vascular compartment in tumors, Mab
Factor VIII immunostaining oftissue probes (see Materials
and Methods) was performed. No significant correlation
between CBIs and values representing vascular density was

FIGURE 6. Correlationof CBIsandGSH concentrationin all
samples(glioman = 15; meningioman = 10; metastasisn = 5;
neurocytoma n = 1; neuroma n = 1) (n = 32; y = â€”1.527 +
4.899x;r = 0.80;p < 0.001).Thedataset containsthreesamples
from nonaffectedcortical tissue (CORTEX)in tumor patients.

found (n = 11; y = 0.398 Â±0.169x; r = 0.589; n.s. data
not shown). It was therefore assumed, that the contribution
of tumor blood volume to the registered counts in tumor
ROIs is negligible. This result agrees well with the obser
vation that dynamic SPECT scanning during the initial
passes of HMPAO shows high tracer concentrations in
highly vascularized tumors (i.e., angiomas) followed by a
rapid washout. Only in one angioma, high tracer uptake
was seen (Fig. 3). This controversial observation may be
due to tracer deposit in endothelium. Likewise, in menin
giomas containing high amounts ofendothelial structures,
a trend towards higher uptake than in predominantly
fibroblastic lesions was observed (independent t-test: n =
19; t = 2.252; p < 0.038; data not shown).

DISCUSSION

Several factors account for the problems in quantifica
tion ofHMPAO SPECT data. First, the lipophilic complex
degrades spontaneously to hydrophiic products. This
process is dependent on the time since eluation of tech
netium, the tracer concentration added to the uncom
plexed ligand, pH and the presence of reducing agents
(1 7). In the blood, HMPAO is retained by leukocytes and
reversibly bound to proteins. In addition, a dependency of
this process on bolus size was proposed. Thus, the esti
mation of the extractable fraction from blood remains
problematic. Within the brain, HMPAO follows CBF at
normal flow, while low flow is slightly overestimated and
high flow is underestimated (18). In high flow areas, it was
assumed that flow competes with the intracellular conver
sion rate of the ligand. Although the non-linearity of
HMPAO distribution in relation to flow was proposed to
be correctable (19), the obtained gray/white matter con
trast-enhancement in tumor patients was still significantly
below PET values (9). HMPAO freely passes the intact
blood-brain barrier, but in the cell the conversion to
hydophilic derivates was proposed to be dependent on
GSH (10). While the extraction efficiencies ofboth meso
and d, l-HMPAO were assumed to be identical, the con
version rate of meso-HMPAO was found to be an order
of magnitude below the one of the d,l-mixture in vitro.
That observation lead to the conclusion that meso
HMPAO reflects a map of the conversion rate or organ
GSH concentration rather than blood flow. This hypoth
esis, however, could not be confirmed in a study investi
gating the relationship between GSH concentration and
the retention of meso-HMPAO in lung tumors (20). Since
the most critical assumption of the model is a uniform
conversion rate in different kinds of tissues, variations of
this rate may account for the discrepancy. In our study,
no significant correlation between d,l-HMPAO uptake
and GSH content in metastases of non-cerebral origin was
found. If a fixed relation between regional blood flow and
the local conversion rate of the lipophilic complex deter
mined the distribution of HMPAO, the lung uptake of
HMPAO should be very high since lung blood flow is
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higher than CBF (21). The significant correlation between
regional tracer retention and GSH content in brain tumors
as described in this study does not necessarily contradict
the hypothesis mentioned above. Data from in vitro stud
ies on the retention of d, l-HMPAO in cultured neurons
of the rat cerebellum confirm the observation made in
brain tumors and SPECT (22). Both studies, however,
show that additional factors yet unknown contribute to
the (low) tracer retention in the absence ofGSH. Fractions
of intracellular d,l-HMPAO reportedly bound to proteins
in the cytosol may account for this observation (23).

For reasons discussed above, quantification of rCBF
using d,l-HMPAO SPECT is not yet possible in a generally
accepted manner. Instead, we decided to calculate a tumor
to-cerebellum ratio for semiquantitative evaluation of
tracer retention. The ipsilateral cerebellum was chosen as
a reference to avoid errors, caused by CCD as observed in
21 cases. Interhemispheric comparison was not performed
since many tumors (especially Grade IV gliomas) had
crossed the midline or were placed in the midline (menin
giomas), while others (neuroma) had no contralateral an
atomical counterpart.

For statistical analysis, data were classified according to
tumor classification verified by histologic diagnosis. In
gliomas, some tissue probes were composed of multiple
stages ofdifferentiation. Therefore low-grade astrocytomas
(Iâ€”I!)were pooled in one group. In Grade Ilâ€”Illand Grade
IIIâ€”IVgliomas, the higher malignancy was taken as clas
sification criterion in case of uncertainty. Grade IV glio
blastomas were very often composed of both, high and
low uptake zones in SPECT images, due to central necrosis
and perifocal edema. This phenomenon, as well as over
lapping stages of tissue differentiation, may have masked
the significance of statistical comparison within gliomas.
Highest tracer deposit was found in meningiomas (except
in calcified ones) and in some metastases. This observation
agrees well with quantitative tumor blood flow data ob
tamed by N-iso-propyl-p-iodo-amphetamine (1231)SPECT
in meningiomas (24,25).

The distribution ofd,l-HMPAO seen in SPECT images
is closely related to tumor blood flow (9). The results
obtained in our study are in good agreement with previous
reports on this issue (7,9). Since the HMPAO distribution
most likely is dependent on both CBF and GSH concen
tration, one may conclude, that HMPAO SPECT images
reveal information about both variables.

Statistical comparison of CBIs and GSH content in
tumor specimens yielded a significant correlation. Since
ROIs were drawn in approximate correspondance to the
locations the specimens were taken from, and clearly
exceeded the size of tissue probes to avoid errors due to
the partial volume effect, one would expect a loss of
significance for methodologic reasons. Although our result
suggests the contribution of additional factors, it strongly
supports the hypothesis, that GSH is the predominant
mediator of d,l-HMPAO conversion to hydrophilic deri
yates.

CONCLUSION

The aim of this study was to prove the assumption that
GSH is the rate determining compound for the conversion
ofthe lipophilic complex and to evaluate the use of(99mTc)@
d,l-HMPAO SPECT in the diagnosis of brain tumors.

Our results are in good agreement with previous reports
on d,l-HMPAO retention in brain tumors. They confirm
our experience with the visual evaluation ofSPECT images
in that uptake behavior provides complementary infor
mation for the diagnosis and estimation of malignancy in
brain tumors. Additional factors, however, such as typical
location, extention and inhomogeneity of tracer deposit
within tumor borders, as well as perifocal edema must be
considered. Individual exceptions oftypical uptake behav
ior, as shown in meningiomas and angiomas, as well as
the variability of tracer deposit common to high-grade
gliomas and metastases, indicate the d, l-HMPAO reten
tion in brain tumors is nonspecific.

The correlation between CBI and GSH varies across
different tumor groups. Gliomas and meningiomas show
a highly significant correlation, whereas metastases do not.
This discrepancy may either be due to tissue specific
factors, such as a different conversion rate ofd, l-HMPAO
or the inhomogeneous and relatively small case load.
Recent studies suggest that high GSH levels may be related
to tumor cell resistance in cytoreductive chemotherapy
(i.e., BCNU). Tumor imaging with d,l-HMPAO may be
able to offer prognostic information about the efficacy of
therapy that interferes with this system (26,27).
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EDITORIAL

Technetium-99m-HMPAO Retention and the Role of
Glutathione: The Debate Continues

M any patients presenting with pn
mary brain tumors face a grim

prognosis due to the inability to con
trol local disease (1). Secondary brain
tumors present similar therapeutic
difficulties, although survival prob
ably depends more on the extent of
extra-cerebral disease (2). However, as
more aggressive antineoplastic regi
mens begin to demonstrate greater
control of systemic disease, survival
may depend on adequate treatment of
central nervous system secondaries.

Tumor perfusion may play an im
portant role in the success of antineo
plastic therapies such as radiotherapy
and chemotherapy due to their de
pendence on adequate blood flow for
oxygenation and drug transport, re
spectively. A noninvasive means of
studying brain tumor blood flow
should help us to improve our under
standing ofthe role perfusion plays in
brain tumor therapy and prognosis.

rCBF TRACERS

Regional cerebral blood flow
(rCBF) tracers for use with single-pho
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ton emission tomography (SPECT)
must possess, amongst other charac
teristics, a mechanism by which the
activity extracted into the brain is
fixed for a sufficient time to allow for
image acquisition. In order to accom
plish this, a â€œtrappingâ€•mechanism
must exist. Ideally, a prerequisite for
the trapping mechanism is that it is
unaffected by pathology. It is then
possible to begin to interpret tracer
distribution images as true rCBF im
ages in a range of disorders.

The ability to image regional rCBF
using nondynamic SPECT was
brought about by the introduction of
the â€˜231-labeled-amines;IMP (p-iodo
N-isopropyl amphetamine) (3) and
HIPDM (N,N,N,-trimethyl-N-[2-hy
droxy-3-methyl-5-iodobenzyl]-1 ,3-
propanediamine) (4). Both corn
pounds demonstrated high first-pass
extraction in the brain and prolonged
retention. While the exact â€œtrappingâ€•
mechanism ofthe amines remains un
certain (5), they have proved useful
in aiding the diagnosis of both cere
brovascular and neurologic disorders
(6â€”8).

The application of these early
SPECT tracers excluded the study of
neurooncology due to the reported

lack of a functional trapping mecha
nism in primary brain tumors (9-11),
although there were reports of uptake
in metastases to brain (12,13) and in
isolated cases ofprimary brain tumors
(14).

Technetium-99m-HMPAO
Technetium-99m-d, 1-HMPAO

(exametazime) is the first clinically
available 99mTc@labeled rCBF tracer.
This tracer exhibits high first-pass ex
traction in the brain and prolonged
retention, making it suitable for
SPECT imaging using non-dynamic
systems (15,16). Initial studies in pa
tients with brain tumors indicated
that, unlike IMP and HIPDM, this
new tracer was capable of localizing
in primary brain tumors (1 7).

The cerebral retention of 99mTc
HMPAO is believed to involve the
intracellular conversion of the hydro
phobic Tc-HMPAO to a species which
is incapable of rapid back diffusion.
The proposed mechanism ofthis con
version is thought to involve interac
tion of 99mTcHMPAO with glutathi
one (GSH) (1 8). This theory is based
on the similarity in measured conver
sion rates of 99mTcd, 1-HMPAO (to a
less hydrophobic species) when ex
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