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The introduction of new therapeutic regimens has
resulted in greatly increased quiescent intervals for a
number of malignant tumors (1â€”3).These regimens
utilizing adjuvant chemotherapy require documentation
of tumor regression and progression. Hence there is
growing interest in methods for in vivo assessment of
metabolic activity in tumors. However, none of the ra
dioagents commonly used for tumor imaging provides
information on the viability of tumor cells and on their
proliferative or invasive activity. Therefore, several in
vestigators at medical cyclotron facilities have directed
their attention to this need, using organic compounds
labeled with C- 11 or N- 13 (4â€”11). Amino acids are
predominantly used, since they are known to be involved
in membrane and enzymatic alterations in malignancy
(12). N-l 3 glutamic acid has receivedparticular at
tention and has been evaluated in numerous patients in
different clinical settings (7,9,11).
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Use of N-i 3 L-glutamate has been encouraged be
cause of its relatively simple synthesis (13). The first
clinical observations were made in patients having bone
tumors (4), in which high tracer uptake was found.
Response to chemotherapy resulted in a parallel decrease
of glutamate uptake (7).

It appears relevant to determine which physiological
or metabolic factors cause an augmented N-i 3 gluta
mate uptake in malignant tumors. Thus it may be pos
sible to understand better the value of N-i 3 glutamate
scintigraphy for differential diagnosis in suspected ma
lignant disease and for follow-up during therapy. In order
to obtain this information, the activity uptake relative
to perfusion, the kinetics of the N-i3 activity in tumors,
and the behavior of the tracer in nonmalignant lesions
must all be considered.

MATERIAL AND METHODS

Tracer preparation. The N-i3 activity was produced
by the 16o(p,a)1 3N reaction according to the method
described by Vaalburg and co-workers (14). For a I5-
mmirradiationwitha beamcurrentof10zA,typical
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yields were approximately 100 mCi â€˜3NH3,which cor
responds to a production rate of 40 mCi/@iA-hr.

In a buffered solution of â€˜3NH3(pH 7.5â€”8.0),a-ke
toglutarate was converted to L-glutamate by glutamic
acid dehydrogenase (13). Following coagulation of the
enzyme and elimination of unconverted 13NH4+ by
cation-exchange chromatography, about 45 mCi N-i3
L-glutam@te were obtained in 3 ml solution with a spe
cific activity of 590 mCi N-i3/@smole glutamate.

The radiopurity of N-13 L-glutamate was determined
by thin-layer and high-pressure liquid chromatography.
Samples of N-i3 L-glutamate were routinely tested and
found to be sterile. No adverse reactions have been ob
served to date in 115 patients examined with this
tracer.

Labeled microspheres have been used for the invasive
assessment of local blood flow. We chose 1-121 as the
radioactive label, since the physical properties of this
positron emitter permit images to be produced that can
be compared with those obtained with N-i 3. The most
abundant gamma photons from 1-121 decay are those
of 212.5 keV (84.3%). Their energy is low enough so that
the annihilation photons at 51 1 keV (abundance 14.5%)
can be utilized.

Iodine-i2i (T112 2.12 hr) was produced by the
I22Te (p, 2ii) 1211 reaction, using enriched Te-122
(15).

Microspheres were labeled by the following proce
dure:

Tin-tagged, 15-30-zm albumin microspheres were
washed with citrate buffer (pH 4.5) to remove Sn2@.The
excess citrate was removed with distilled, pyrogen-free
water. Labeling was then carried out in a double
chambered glass vial (oxidizing agent: Na103; reaction
time 15 mm). The reaction medium was acidified with
0.5 M H2S04. After careful separation of unbound io
dine, the labeling yield was about 70% (contamination
with free iodine <0.1%).

In addition to the microsphere technique, the freely
diffusible C-i 1 butanol (16) was used for blood-flow
estimation. The synthesis has been described previously
(17).

Animal experiments.Modelfor nonmalignantlesions.
The left tibia was fractured in 15 male Sprague-Dawley
rats, each weighing 225-250 g. One mCi N-13 L-glu.
tamate was injected by tail vein in 0.5 ml saline solution
2â€”16days after fracture. Following in vivo studies of
activity distribution for 16 mm, the animals were killed
by air embolization. This was followed by in vitro mea
surements of radioactivity retained in the tibia, callus,
and soft tissue. Five animals had regional blood-flow
assessment. Forty minutes (= 4 half-lives) after the N-13
L-glutamate injection, these rats were given I mCi I-
121-labeled microspheres, injected through a catheter
into the aorta.

Tumor animals. Tumor transplants were derived from

spontaneous tumors arising in the BDX rat strain. The
following lines have been investigated:

BSp 25 (fibrosarcoma);
BSp 41 (osteosarcoma);
BSp 73 (adenocarcinoma of pancreas and ovary);
BSp 130 (neurogenic sarcoma of uterus);
BSp 141 (leiomyosarcoma of uterus).
Tumor-cell suspensions were injected i.m. into the

hind legs of 35 BDX animals 2â€”3wk before use. At this
time, tumors measured 1â€”3.8cm in diameter. Radi
onuclides were administered as in model for nonmalig
nant lesions.

Determination ofsingk-pass extractionfraction. The
fraction of labeled glutamate extracted by muscle and
by the VX2 tumor of the rabbit during a single capillary
transit was determined by a single-injection, external
registration technique first proposed by Sejrsen (18) and
later developed and validated for the brain by Eichling
Ct al. (19) and Raichle et al. (20). The extraction fraction
(E) is measured by extrapolating the relatively slow
clearance of the label from the tissue back to the maxi
mum of the perfusion peak. With A = peak activity and
B = extrapolatedvalueatpeaktime,EequalsB/A. Ten
mCi of N-i3 glutamate in 0.2 ml solution were rapidly
injected into the A. femoralis of three rabbits bearing
VX2 tumor transplants. The time-course of the activity
in the hindquarters was recorded with a framing rate of
10 sec. Extrapolation of the tissue clearance was
achieved by monoexponential least squares fitting of the
slope between 5 and 15 sec after injection. Tc-99m-
labeled serum albumin was used as an intravascular
reference tracer.

Nuclide detection. The instrumentation required to
take full advantage of the positron emission of N-13 is
not yet in use in our laboratory. The animal studies are
therefore based on single-photon detection with a com
mercial gamma camera equipped with a pinhole colli
mator. The field of view encompassed the trunk and the
hind legs of the rat. The high-energy gamma rays were
shielded with a lead plate 5 cm thick, positioned around
the pinhole. Imaging of the rabbits was performed with
a high-energy, parallel-hole collimator. A window setting
of 20% was used to cover the 51 1-keV annihilation
photons. Imaging of N-i3 L-glutamate was begun im
mediately after injection. Images of 1-121 microspheres
were obtained 1â€”2mm after tracer application. Tissue
preparations were measured with a well gamma spec
trometer with Ge(Li) detector and automatic correction
for decay. The probes were weighed with an accuracy in
the range ofO.0l g.

Clinical studies. Forty patient investigations were
included in the study, 31 on malignant disease, nine on
benign lesions in the extremities. Each individual re
ceived 4â€”8mCi N-i3 L-glutamate by intravenous in
jection.

In 24 patients (27 investigations) quantitative positron
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rate was I per I2 sec. In nine patients, N-l 3 glutamate
imaging was preceded by Tl-20l dynamic scintigraphy

(1â€”2mCi) using the sameframing rate asabove.The
initial activity distribution was assumed to represent

regional distribution of flow (22).

RESULTS

Animalexperiments.N-13glutamateuptakebyma
lignant tumors, normal tissue, and/or benign lesions has
been studied in rats and rabbits. In three rabbits bearing
hind-leg VX2 tumor transplants, the single-pass N-13
glutamate extraction fraction for both tumor and muscle
ranged from 0.85 to 0.92.

Repair after fracture of the left tibia served as a model
for nonmalignant activation of tissue proliferation.
Following fracture of the rat tibia (N 15), an aug
mented N-i 3 uptake was found for 18 days. The maxi
mum relative uptake, compared against the contralateral
side, was observed within the first 2 days. Uptake
reached three times that of the control side.

In five rats with bone fracture, the N-l 3 glutamate
investigation was followed by perfusion scintigraphy with
1-121-labeled microspheres, injected into the aorta. After
bone fracture in these rats, the mean local N-i 3 uptake
was increased 1.7 times above the control region (Table
1). This was paralleled by an equal increase in micro
sphere fixation (mean = 1.65). The individual variation
did not exceed 15%.

Homologous tumors implanted into a hind leg of 25
rats showed greatly different N-i 3 uptake. Tumor up
take ranged from 0.9 to 8.0 relative to the contralateral
leg on an equal-volume basis. Each tumor type revealed
a certain, sometimes characteristic, range of uptake
values. The relative tumor activity remained constant
from 2 to 15 mm following injection, when average val
ues for one tumor type are considered (Fig. 1). In IS

TABLE1. UPTAKERATIOSBETWEEN
FRACTUREDTIBIA AND CONTRALATERALLEG

(3-10 DAYS AFTER FRACTURE)

2.2

1.3
1.3
1.7
1.8

Mean= 1.66

1
2
3
4
5

2.4
1.3
1.5
1.7
1.7

Mean= 1.72

imaging was performed with a nontomographic multi
crystal whole-body scanner (21) with a counting effi
ciency of 6,400 cps/sCi-cm2. Total-body imaging re
quired a scanning time of 8 mm. Imaging was begun 3
mm after the injection of the radiopharmaceutical, and
the scans were repeated at I3 mm. Scan data were col
lected on magnetic disk and were read by a computer
connected to an interactive display system, corrected for
sensitivity differences in the coincidence channels, for
tissue absorption, and for the physical decay of the N-i3
label during the scanning period. Absorption data were
obtained from a transmission scan using a Ge-68/Ga-68
source.

Two-dimensional quantitation of regional activity was
achieved by horizontal and vertical profiles (arms and
thighs). Contralateral activity in regions having identical
shape and size (joints) was also determined for com
parison.

In 11 patients (13 investigations), the dynamic be
havior of the N-13 label during the first 20 mm after
injection was studied using a commercial gamma camera
equipped with a high-energy collimator. The framing

FIG. 1. N-13 L-glutamate uptake by tumors transplanted into hind leg of rat. Data were normalized to healthy opposIte leg.
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FIG.2. Uptalceratiosof N-13glutamateand1-121mlcrospheres.DataarenOrmaliZedto ratiosobtainedfromcontrolregion.

tumor-bearing rats, the N-13 glutamate investigation
was followed by the measurement of 1-121 microsphere
fixation. The average N-13 uptake value of these tumors
was 2.1, while the 1-121activity averaged 1.7. The ratios
between the uptake of N-13 glutamate and I121 mi
crospheres are shown for each tumor (Fig. 2). Consid
erable 1-121 activity was noted in the lungs of some
tumor-bearing rats, particularly in those with BSp 73
tumors. In order to evaluate the role of arteriovenous
shunting, which may influence the fraction of micro
spheres retained in the BSp 73 tumor, the lung activity
was measured in a well counter. Organs were excised 1
mm after intraaortic injection of the microspheres in six
tumor-bearing rats and five controls. The tumors (BSp
73) retained (4.5 Â±1.9)% ofthe injected dose; (13.5 Â±

5.9)% was found in the lungs of tumor-bearing rats, and
(2.52 Â±1.04)% in the lungs ofcontrol animals (t 4.04,
p <0.005). Because of this difference, an additional at
tempt to obtain blood-flow estimates was undertaken in
10 rats. Before the injection of 1-121 microspheres, the
initial uptake of C-li butanol was assessed. There was
good correlation between the tumor uptake of C-i 1
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TABLE 2. UPTAKE RATiOSTUMOR-TO-CONTROL
REGIONFOLLOWINGINJECTIONOF N-13

GLUTAMATE AND TWO TRACERS FOR BLOOD
FLOWESTIMATION

BSp 25
BSp 25
BSp 41
BSp 41
BSp 73
BSp 73
BSp130
BSp130
BSp141
BSp141

2.4
3.2
2.9
3.3
5.8
5.7
2.4
1.9
2.3
2.3

Means= 3.2

2.2 2.4
2.8 3.0
3.0 2.9

3.0 3.1
3.4 6.0
3.6 5.0
1.8 2.1
1.7 1.9
1.6 2.0
1.5 2.2
2.5 3.1

(r 0.88) (r 0.98)
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FIG.5. CorrelatIonbetweentitnor-to-.misclet@taleratIosforN-13
glutamateand Tl-20l In patientswith malignanter benignIs
slons.

take was normalized to the uptake of a normal con_____tralateralregioncontainingmuscle.Therelativeradio
nudide uptake, thus derived,was plotted for T1-201and
N-13 glutamate (Fig. 5). No different trends in the le
sion-to-muscle uptake of the two tracers were found
within a range of 1.3 and 9.5.

Clinical findings and N-13 glutamate uptake. A total
of 40 N-13 glutamate uptake studies was made in pa
tients suffering from various tumors or benign lesions
located in the extremities.

All untreated malignant tumors showed an appre
ciably raised lesion-to-muscle uptake (2.8-12.0) and thus
a â€˜positive'tumor image (Table 3). In patients with Os
teosarcoma, this tumor image often differed from the
bone scan by the location and the size of the area in
volved. The reactive involvement of distal bone segments
seen in the Tc-99m MDP scan was not paralleled by a
similar N- 13 activity uptake (Fig. 6). Moreover, there
was no increased N-i3 activity in physiologically acti

111
31

1
8 13
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FiG.4. TImecoursepaftemof N-13activityInhumanmallgeant
@mors.

butanol and N-13 glutamate over the total range of
tumor lines, including BSp 73 tumors (Table 2).

Patient studies. Kinetics ofihe label. Figure 3a shows
a typical set of decay-corrected time-activity curves
obtained from regions of interest, following injection of
5 mCi N-13 glutamate. Figure 3b shows replotted time
courses of pancreatic and myocardial activity, after
subtraction of background from an equal area adjacent
to the respective organ. Three types of behavior were
noted: A continuous rise in organ activity (liver), a steady
state in the activity 3â€”20mm following injection (myo
cardium, muscles, and brain), and a rapid uptake fol
lowed by release ofactivity (pancreas and kidneys). The
blood was cleared very rapidly (over 90% within 5 mm).
In most instances, human tumors showed constant ievels
of N-i3 activity (Fig. 4) as determined with the positron
scanner. Significant release of activity was observed in
only two of eight human tumors (reticulosarcoma and
metastasisof adenocarcinoma),bothof whichshowed
high initial uptake. The tumor-to-muscle ratio did not
increase during the period of measurement in any of the
13 patient studies carried out with the gamma
camera.

N-13 glutamate and Tl-201 uptake. In nine patients,
local N-13 glutamate uptake was studied together with
the initial Tl-201 uptake. The following lesions were
investigated: osteosarcoma (five patients), soft-tissue
sarcoma (one), metastasis from squamous cell carcinoma
(one), osteofibroma(one), and Paget's disease (one). All
of the lesions were located in the extremities. Their up

TABLE 3. CLINICAL FINDINGSAND N-13
GLUTAMATEUPTAKE

Malignanttumors,
(untreatedprImary)

Malignanttumors
treated(Grtr2wk)

Metastasesof carcinomas
Inflammatorydiseases
Paget'sdisease
Osteofibroma
Bonecyst

18 2.8-12.0

10 1.3â€”3.2

3 2.0â€”8.0
4 1.0â€”2.8
2 2.8.3.5
2 1.0,1.3
1 1.0
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FIG.6. AnteriorscIntI@amsof osteosarcornaof rightferntwIn 15-yr-oldpatient(anterior).Left Tc-99mMDPshowsrelativeuptakedistal
totumor.RightIntenseN-13glutamateuptakeIsconfinedtotumor;novIsualIzationofeplphyses.

FIG.7. ReticulosarcornawithdestruCtiOnof left humerus.Left BonesclntigramwithTc-99mMDP.RIghtN-13L-glUtamateImage.
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vated bone metabolism (epiphyses in adolescence) (Fig.
6). In five out of nine tumors of nonosseous origin in
volving bone, N-13 uptake exceeded that of Tc-99m
MDP (Fig. 7). Tumor-to-muscle uptake under treatment
(>2 wk from the onset) ranged from i.3 to 3.2.

Patients with benign bone lesions showed lesion-to
muscle uptake ratios from 1.0 to 3.5 (Table 3). Three out
of eight patients failed to accumulate N-i3 activity de
spite significant MDP accumulation.

DISCUSSION

Our clinical results confirm previously reported ob
servations of increased uptake of intravenously injected
N-13 glutamate in osteosarcoma and other malignant
tumors (4,23-25). A connection has been shown between
the decrease of N-13 uptake during therapy and the
therapy response. This raises the questions: by which
factors is the activity increase produced, and may it be
observed in nonmalignant disease as well?

To evaluate the role of blood supply to the tumor in
a model system, we sought to use a method for flow
imaging that provides data comparable with those ob
tamed in N-13 uptake measurements, i.e., counts per
area and per unit of time, for the same tissue of interest
relative to the same control region. We therefore made
use of the fractional uptake of radioactive indicators for
estimates of regional flow. According to this principle,
Tc-99m-labeled microspheres have been used in various
regional blood-flow studies (26â€”30).We substituted the
positron emitter 1-121 for the Tc-99m label in order to
obtain the same counting efficiency and detection ge
ometry as for N-i3, using the pinhole collimator.

Regarding the microsphere measurements, it must be
remembered that escape of particles occurs through
physiologic or neoplastic arteriovenous shunts (31 ) and
through widened tumor capillaries (32). While physio
logic shunting of tracer amounts to only â€œ@â€˜2-4%(31),
the validity of the method for evaluation of nutritive
perfusion has to be questioned in tumors.

Whereas increased N-13 uptake in fractured bone and
some tumors was paralleled by a similar increase in
perfusion as determined by MAA fixation, there was
significant mismatch for the BSp 73 tumor. Arteriove
nous shunting of the microspheres was suggested, since
over 13%of the injected Tc-99m MAA was found in the
lungs of BSp 73 tumor rats, on average, whereas control
animals had only 2.5% of the activity in their lungs.
Accordingly we used the freely diffusible tracer C-i 1
butanol (16), which resulted in different perfusion data
in the BSp 73 tumor line. For butanol, an extraction ratio
near 1.0 was assumed during the first arterial input, and
the Sapirstein principle (33) was applied for flow esti
mation. With C-l 1 butanol, a close correlation between
perfusion and N-i3 glutamate uptake was noted for all
tumor lines. These findings, and the high extraction

fraction found for N-i3 glutamate, suggest that blood
flow is the rate-limiting factor in N-i 3 glutamate up
take.

In order to extend the investigations on the relation
ship between perfusion and glutamate uptake to human
tumors, it was essential to use a procedure that mini
mized discomfort to the patient. The use of Tl-20l
avoided invasive tracer administration, and it allows the
N-i3 glutamate imaging to be performed rapidly sub
sequent to the study of the initial Tl-20i distribution.
Again, the result of the correlation between the uptake
of the two tracers suggests flow-limited uptake of N-i 3
glutamate in the lesions investigated.

The tissue level of the N-l3 activity in tumors and
normal tissue was relatively stable for the period of
measurement, indicating a low rate of backdiffusion.
Therefore, only a rapid turnover into the metabolic pool
can account for the fact that uptake increases parallel
with perfusion. From the data reported by Sauer et al.
(34), it canbededucedthat the glutamate fraction uti
lized does not exceed 25% of the total amount supplied
to hepatomas and the Walker carcinoma. This appears
in contrast to the statement that perfusion is the rate
limiting step in glutamate uptake. However, the different
method of approach has to be considered. The cited re
port is based on steady-state arteriovenous concentration
measurements. Consequently, substrate utilization is
defined as net utilization, or substrate consumption
minus production. Since our data were obtained after a
single injection of the labeled substrate, they do not re
flect the release of substrate synthesized in vivo.

Since our kinetic analysis of the N-13 label failed to
show a protracted N-I 3 uptake phase, glutamate me
tabolism does not appear to have the potential to increase
N-13 uptake in the tumors investigated. In transplanted
rat tumors and in human tumors, we failed to find sys
tematic differences in N-I 3 kinetics between tumor and
musculature. In particular, tumor-to-muscle activity
ratios showed a constant or decreasing, but never an

increasing, tendency. This pattern contrasts with the
N-l 3 kinetics in the liver, a major site of amino acid
metabolism. Our findings are in agreement with studies
on L [U-NC] glutamate in various tissues of rats bearing
the Walker 256 carcinosarcoma (35).

Apart from perfusion and metabolism, the role of
tissue transport must be considered. We know that the
transport rate for amino acids may be increased in ma
lignant cells (36,37). It appears unlikely, however, that
differences in the transport mechanism would be able to
elevate glutamate uptake. In order to show the rela
tionship between uptake, transport rate, and flow, the
following formula is used, by analogy with the concept
of Renkin and Crone (38,39):

dA1/dt = F/V.C@(t)[l â€”exp(â€”k1V/F)J,
where A = tissue activity concentration,
F = flow, V = extracellular fluid space,
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reported so far (7,24), the behavior of N-I 3 glutamate
during therapy differsâ€”as in untreated tumorsâ€”from

0.8 that of Tc-99m pyrophosphate or MDP. Bone-seeking

0.7 radiopharmaceuticals tend to show increased uptake in

a number of bone tumors undergoing radiation plus
0.6 chemotherapy (46), whereas response to therapy is

0.5 usually accompanied by a decrease in N-i 3 glutamate

04 uptake (23). Moreover, tumor recurrence in osteosar

. coma is usually paralleled by an increase of N-i 3 glu

0.3 tamate, whereas bone-seeking radiopharmaceuticais

02 show increased uptake in only a few of these instances,

secondary to demineraiization of bone (47).
0.1 Future investigations might be focused on determining

whether vasoactive drugs or metabolic blocking by
chemotherapeutic agents may influence the relationship
between blood flow and glutamate uptake.
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