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The heterogeneity of tumor uptake is likely to substantially limit
the effectiveness of metaiodobenzylguanidine (MIBG) therapy.
This study was done to establish whether metabromobenzyl-
guanidine (MBBG) can target neuroendocrine tumors and to
provide intratumor biodistribution and uptake information in com-
parison to MIBG. Methods: MBBG and MIBG tumor uptake and
kinetic studies were performed in experimental PC-12 pheochro-
mocytoma grown in nude mice. Intratumor distribution studies
were performed using autoradiography and secondary ion mass
spectrometry (SIMS) microscopy, because the latter technique
can detect and potentially quantify both drugs concomitantly
within the same tumor specimen. Results: MBBG uptake in
PC12 tumors was earty (2 hr) and intense (80% ID/g). Retention
values were similar for both drugs 24 hr postinjection. At the
cellular level, MBBG mostly accumulated in the cytosol. At the
multicellular level, cells exhibited staining, but in many areas,
SIMS images of both drugs were not spatially cormelated.
Conclusion: MBBG targeted experimental pheochromocytoma
efficiently with high early uptake values. Bromine-76-MBBG is a
promising means of imaging and quantifying tumor uptake with
PET. Both drugs were localized in the cytosol, but the correlation
between the two distributions, as assessed by the values of the
standardized local concentrations, was weak although signifi-
cant multicellularty.
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After more than a decade of worldwide experience
with metabolic radiotherapy of neural crest tumors using
labeled metaiodobenzylguanidine (MIBG), many areas of
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uncertainty and deficiency remain to be explored (7). Prob-
lems encountered in radiation dosimetry remain a chal-
lenge (2). Preradiation therapy dosimetry methods have
been developing intensively since 1991 so that the ab-
sorbed dose received by the bone marrow, the dose-limit-
ing organ, can be more accurately predicted (3). No clear-
cut relationship had been reported, however, between
response and the whole-body radiation dose, which is itself
contingent on the total activity administered.

Only mean tumor absorbed doses of 10 Gy or more
would provide both significant and prolonged clinical ef-
fects (4). Tumor dosimetry, however, is still rather rudi-
mentary because of the difficulty to determine targeted
functioning volumes accurately with conventional imaging
techniques (CT or MRI), especially when there is bone
marrow involvement (2,5). In addition, external detection
and quantification of tumor radioactivity may be distorted
by background activity. Therefore the use of the conjugate
view technique and, more recently, pretherapy administra-
tion of the positron-emitting tracer ['*IJMIBG-labeled
variant to predict the actual [*'IJ]MIBG mean absorbed
dose appears promising (6, 7).

The tumoricidal effects of radiolabeled MIBG are con-
tingent on two main factors: (1) the tumor’s capacity to
take up and retain the tracer and (2) its intratumoral pattern
of biodistribution. Attempts have already been made to
improve the first factor; gamma-interferon and retinoic
acid have been shown to increase mIBG accumulation in
vitro, although no clinical trials investigating such pharma-
cological intervention have been reported (8 9). With re-
spect to the second factor, it is necessary to determine the
best isotope to attach to MIBG, or alternative halogenated
analogs, taking into account tracer biodistribution in the
target, so that every tumor cell will be effectively irradi-
ated. Bromine-76-metabromobenzylguanidine (MBBG)
was recently proposed to explore sympathetic innervation
in the heart (10). This "*Br-labeled MIBG analog appears to
possess adequate parameters for imaging and metabolic
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radiotherapy and its ability to target bioamine receptor-
positive tumors was evaluated. Both drugs were adminis-
tered to nude mice xenografted with the PC12 rat pheo-
chromocytoma, a cell line known to actively store MIBG in
vitro. In addition, as data on tracer biodistribution are
needed for microdosimetric evaluation, we capitalized
upon a unique possibility offered by secondary ion mass
spectrometry (SIMS), namely intratumor mapping and
quantification of MBBG using MIBG as the reference
tracer. SIMS microscopy is a microanalytical technique
based on two principles in physics: the emission of second-
ary ions following the bombardment of a specimen by a
primary ion beam and mass spectrometry (11). With SIMS,
it is theoretically possible to visualize biodistribution of
any stable or radioactive ion species within biological ma-
terial and quantify the signal using an internal standard.
Based on our findings with the PC12 experimental pheo-
chromocytoma xenografted into mice, MBBG appears to
be a promising tracer for the work-up of neural-crest tu-
mors.

MATERIAL AND METHODS

Cells and Experimental Tumors

The rat pheochromocytoma cell line PC12 was shown to store
dopamine, norepinephrine and more recently MIBG (12). This
drug is first taken up at the membrane level through the neuron-
specific uptake-1 mechanism, which is energy-dependent and sat-
urates at 10~% M. Once in the cell, MIBG is stored in specialized
granules, particularly numerous in pheochromocytoma, through a
so called uptake-3 system (4). This system requires a proton pump
and is inhibited by reserpine. The cells were propagated in a
RPMI 1640 medium containing 15% horse serum and 5% fetal calf
serum plus antibiotics. Several series of 6—8-wk-old pre-irradiated
(5 Gy) nude mice (SP Swiss nu/nu mice, 10 mice per series) were
injected subcutaneously in the flanks with approximately 3 x 10’
cells. Small tumors (50-200 mg) were obtained about 3 wk later.

Radiopharmaceuticals

The synthesis and pharmacological preparation of [**Brj]MBBG
has been reported elsewhere (13). Briefty, ammonium ("*Br) bro-
mide is produced by the irradiation of natural arsenic with a
30-MeV (*He) ion beam. Then, ["Br}-MBBG is prepared by het-
eroisotopic exchange between the ["*Br}-BrNH4 and the cold
iodine atoms of MIBG using a Cu™ assisted substitution reaction.
Bromine-76-MBBG is separated from the iodo precursor by
HPLC and finally dissolved in saline and filtered onto a 0.22-um
Millipore membrane. The radiopharmaceutical is produced in a
65% radiochemical yield with a specific activity of 20 MBg/nmole.

The synthesis of stable MBBG was required for SIMS experi-
ments because the weight of the injected amounts of the radioac-
tive brominated analog was clearly below the detection sensitivity
of the SIMS microscope. The synthesis of MBBG sulfate was
achieved after condensation of 3-bromobenzylamine hydrochlo-
ride (3.34 g, 15 mmole) with 2-methyl-2-thiopseudourea sulfate
(5.16 g, 30 mmole) in the presence of dimethylformamide (DMF),
which was found to facilitate the reaction. Briefly, a mixture of the
two precursors in 20 ml DMF was heated at 100°C for 4 hr. After
cooling, the solvent was distilled under vacuo. The resulting solid
was dissolved in 150 ml of isopropanolol and left overnight at 4°C.
The white crystals were isolated by filtration and recrystallized
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from isopropanolol: 2.25, yield: 48%. Specific spectra of the final
molecule were obtained: IR(KBr): 2200-3300 cm ™, 1640 cm™%;
1H-NMR (DMSO-d6, TMS) a: 3.95 (s, 2H), 7.31 (m, 2H), 7.51
(dd, 1H), 8-9.2 (s, large, SH). The crystal was weighed, resus-
pended in saline and sterilized as above.

The MIBG, ['?’T]MIBG (1300 ug/400 ul), used in the SIMS
experiments was kindly provided by CIS-Bio International (Gif-
sur-Yvette, France), as well as ['*I]MIBG (~0.4 MBg/nmole) for
autoradiographic purposes. Iodine-123-MIBG was used for
gamma camera imaging and counting purposes at a specific activ-
ity of about 0.05 MBg/nmole.

Protocols

Bromine-76-MBBG uptake by the tumors and various organs
was determined 2, 4, 8, 12, 19 and 24 hr after injection of about 74
kBq in the tail vein. Paralle]l uptake experiments were performed
with ["ZI]MIBG 8 and 24 hr after intraperitoneal injection of about
1100-1850 kBq. In all cases, the samples were weighed, radioac-
tivity was measured in a gamma well-counter and results were
expressed as a percentage of the injected dose per gram (%ID/g).

Macroscopic Imaging

Whole Mouse Body Autoradiography with [*°BrJMBBG.
Ethyl-ether anesthetized animals who had received 1110 kBq
[Br]MBBG were frozen, 8 hr postinjection in an ice-isopentane
solution (—75°C) and then placed into a cold solution of car-
boxymethylcellulose (CMC-1.5%) to permit rough sectioning (20
um) in a cryomicrotome. Precooled adhesive tape was applied on
the tissue slice to remove sections that were further dried and
exposed for 10 days on autoradiographic films. Films were devel-
oped, analyzed and color-coded using a computerized densitomet-
ric system.

Nuclear Imaging. Five mice injected with [*2I]MIBG under-
went scintigraphic studies 10, 19 and 24 hr postinjection. Each
animal was anesthetized three times with ketamine (15 ug/g) and
images were acquired on a DSX gamma camera (Sopha Médical,
Buc, France) equipped with a high-resolution, parallel-hole colli-
mator. An aliquot (370 kBq) of the administered tracer was also
imaged as an internal standard and tumor uptake was determined
with ROI method with background correction for extratumor ac-
tivity estimated on the tumor-free flank. Finally, 24-hr MIBG
scintigraphic uptake in tumors was compared to the values ob-
tained through direct gamma well counting as described above.
Two additional mice bearing the nontargeted neuroblastoma IGR-
N-835 were used as controls (14).

Microscopic Imaging

MIBG Microautoradiography. Two animals received about
1850 kBq of ['*IJMIBG and were killed 24 hr later. Chemical
sample processing (see below) was performed and 2-um sections
of the specimen were mounted on slides, coated with Amersham
LM1 emulsion, exposed for 8-20 days and finally stained with
hematoxylin-eosin.

SIMS Analysis. Stable MBBG was injected into the animals
intraperitoneally by escalating dose increments (0, 100, 200, 400,
600 pg). In addition, 400 ug of ['*’[]MIBG were concomitantly
injected into mice, who received 200-400 ug of MBBG. All ani-
mals were killed 24 hr later.

Fixative Procedures, Embedding and Sectioning. Sample pro-
cessing was performed using either a chemical or a cryo-proce-
dure as previously described. With the chemical procedure, which
cannot prevent drug diffusion, fragments are fixed in glutaralde-
hyde and paraformaldehyde in cacodylate buffer and finally resin-

The Joumal of Nuclear Medicine * Vol. 36 * No. 5 » May 1995



TABLE 1
Biodistribution (%ID/g) of ["®BrJ]MBBG and ['>*1]MIBG in Nude Mice Xenografted with the PC12 Pheochromocytoma Cell Line*

Tissues 4hr 8hr 12hr 24 hr
Tumor 326 +33 823+72 533+49 202 £ 3.7
216+ 40" 194+54
Heart 4.34 + 0.67 5.12 £ 0.55 2.30 + 0.68 0.93 + 0.32
—_ 1.8+ 02" —_ 0.45 + 0.15"
Lungs 2.95 + 0.30 293 + 054 1.72 £ 0.30 0.87 + 0.15
—_ 1.5+ 024" — 0.47 + 0.05"
Liver 2.73 £ 0.37 211 £ 024 133 +£0.34 0.54 £ 0.10
—_ 1.36 =+ 0.18" —_ 048 +0.02
Spleen 154 + 048 3.19 £ 0.67 231 + 0.9 0.79 + 0.38
— 1.45 + 0.30" — 0.66 + 0.14
Adrenals 6.20 + 0.55 187+ 43 129 £ 25 65+15
— 5.09 + 0.93" — 3916
Muscle 0.51 + 0.05 0.75 + 0.11 0.78 + 0.19 0.3 +£0.07
— 0.32 + 0.09" — 0.18 = 0.03"

*Values are presented in boldface for MBBG and in italics for MIBG.

p < 0.05. MBBG and MIBG uptake values were compared using the Bonferroni's t-test with a risk of 0.05. Uptake kinetic studies were performed
atall times for MBBG (bold characters) but only at 8 and 24 hr postinjection for [*23]]MIBG. Al mice had PC12 xenografts obtained directly from tumor
cells. Activities used for these experiments were typically in the range of 75 kBq of [*BrJ]MBBG (specific activity: 20 MBg/nmole) and 750 kBq of
['21MIBG (specific activity: 0.05 MBg/nmole). Differences in early uptake values may reflect differences in the routes of administration, intraperito-

neally for MIBG and intravenously for MBBG.

embedded. The cryomethods, which allow in situ immobilization
of diffusible drugs, consist in high-speed freezing (5000 Ksec™") in
liquid propan, cryo-substitution in acetone (183K) and cryo-em-
bedding (213K) in Lowicryl K11M (Polysciences Ltd., Ep-
petheim, Germany ). Semi-thin sections (3 um) were deposited on
ultrapure gold holders for SIMS analysis.

SIMS Microscopy Imaging. Description of the IMS-3F micro-
scope (Cameca, Courbevoie, France) has been reported else-
where (15). Briefly, a 5-15-nA primary cesium ion beam is fo-
cused on the surface of the resin-embedded specimen to sputter
and possibly ionize the atoms located in the superficial layers (1-5
nm). The secondary ions, characteristic of the atomic composition
of the analyzed area, are focused, energy-filtered and separated in
a mass spectrometer. The ion images are finally displayed using a
highly sensitive camera and a dedicated microcomputer system
(16). All images are acquired with high mass resolution (M/AM >
2000) to guarantee signal specificity because cluster ions are emit-
ted close (<0.07 uma) to the ions of interest (17). SIMS analysis
progressively erodes the specimen at a destruction rate of about
1.5 nm/sec and provides images with a 500-nm resolution for a
detection sensitivity of less than 1 ppm for halogens. The tissue
structure can be visualized through the mapping of the polyatomic
ion CN~, the nuclei of the cells through 3'P~, whereas drug
biodistribution is delineated through detection of '#’I- (MIBG)
and ”Br~ or ®Br~ (MBBG) because bromine has two stable
isotopes of similar abundance: Br~ (50.57%) and %'Br-
(49.43%).

Quantification with SIMS Microscopy. The secondary ion
beam intensity can be measured with an electron multiplier and is
proportional to the corresponding elemental concentration and to
the primary ion beam intensity. The primary beam, however, is
partly repelled by charge effects occurring at the surface of the
embedded insulating specimen. Because carbon is present at a
large and rather homogeneous concentration in the specimen, as
well as in the resins, it can be used as an internal reference. Tissue
equivalent resin standards containing increasing proportions of
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halogens had been synthetized to derive calibration curves be-
tween isotopic ratios (ion of interest/carbon reference) and con-
centrations (18). We used 8 um wide apertures, which can be
superimposed onto an 2CN ™ ion image (62 um) and cycles of 10
consecutive 1-sec measurements were acquired. Counting was
performed on cryoprepared fragments for the 200- and 400-ug
injected dose levels.

RESULTS

Bromine-76 MBBG Uptake in PC12 Xenografted Mice

Tumor and tissue concentrations of both radiopharma-
ceuticals are given in Table 1. Tumor tissue had the highest
and most prolonged uptake. MBBG strongly accumulated
in tumors, even early after administration (2-4 hr), with a
peak value as high as 80% ID/g at 8 hr postinjection, but a
significant reduction in uptake occurred between 8 and 24
hr. Comparisons between the targeting efficacies of MBBG
and MIBG must be interpreted with caution in these ex-
periments since molar drug doses and specific activities
used were very different for both drugs. In addition, lower
early uptake values encountered with MIBG (intraperito-
neally) as compared to MBBG (intravenously) may partly
reflect the routes of administration.

Macroautoradiography and Gamma Camera Images
The whole-body autoradiogram (Fig. 1) displays ["°Br]-
MBBG accumulation at the periphery of the tumor. There
was partial central necrosis, which may be overlooked on
planar scintigraphic images. Gamma camera images of a
panel of 3 PC-12 mice showed intense accumulation of
['2I]MIBG, at any time postinjection (Fig. 2). Tumor up-
take, as determined from the scans and using the actual
weight of the tumor obtained after dissection, was 25.1 +
4.1, 24.2 * 6.6 and 17.5 * 6.5% ID/g 10, 17 and 24 hr
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FIGURE 1. Whole-body autoradiogram of a mouse bearing the
PC12 xenograft injected with [°Brj]MBBG
(1110 kBq) 8 hr before death. The analyzed image, facilitated by a

display using pseudocolors, shows strong accumulation of MBBG
only at the periphery of the tumor because its center is necrotic

(arrow).

postinjection, respectively. If one excludes one mouse, for
which tumor dissection had been incomplete, uptake val-
ues derived from scanning and tumor counting correlated
closely (r = 0.96, p < 0.05, n = 6).

lodine-125 MIBG Imaging of Tumors by
Microautoradiography

Due to the strong affinity of tumors for MIBG, intense
staining was observed after 12 days of exposure (Fig. 3).
Most of the cells had accumulated MIBG and exhibited a
rather homogeneous pattern of distribution at the tissue
level. At the cellular level, staining mainly affected the
cytosol. Some silver grains were also evidenced, however,
on cell nuclei because the chemical sample processing
method used here cannot prevent MIBG diffusion from

FIGURE 3. Almradography of PC12 pheochromocytoma xe-
nografted into mice injected intraperitoneally with 1850 kBq of
['Z1MIBG and killed 24 hr later. Samples were exposed for 12 days
and colored with hematoxylin-eosin. According to the tumor model,
most of the cells are stained, particularly those close to the lumen of
vessels. At the celiular level, however, the silver grains are evi-
denced both in the cytosol and in the nuclei because the chemical
sample processing method was inadequate (Bar = 5 um).
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FIGURE 2. Gamma camera images of a panel of three PC12-
xenografted nude mice injected with ['Z2[]MIBG (1110 kBq admin-
istered intraperitoneally). The image (50 kcts, posterior view) was
acquired 10 hr postinjection. There is intense tracer accumulation in
the xenografts, readily visible in the flanks (small arrows). No radio-
activity can be seen in the control (C) nontargeted neuroblastoma,

IGR-N-835. The tumor was manually delineated using a cobalt pen-
cil (large arrow). “H” indicates the head of the animals and “Sd"” the
intemal standard.

original sites of uptake and because the lateral resolution of
such autoradiograms exceeds 500 nm.

SIMS Mapping and Counting of MBBG

SIMS always exhibited a specific signal for stable bro-
mine, regardless of the tissue section analyzed, the sample
processing method applied and the amount of MBBG in-
jected. With chemical sample processing, the tissue struc-
ture was well preserved and nucleoli could be visualized on
the 2°CN ion images. With 102-um wide image fields (Fig.
4), many cells appeared positive for MBBG, especially in
the vicinity of the lumen of vessels. With cryoprepared
fragments and 60-um wide fields, MBBG and MIBG were
simultaneously detected. Both drugs were mainly accumu-
lated in the cytosol of the tumor cells (Fig. 5). Although
both drugs had rather homogeneous distribution patterns in
most of the analyzed areas, which correlates with the tu-
mor model, we found that MBBG was also able to accu-
mulate intensely in several foci of the tumor (Fig. 6). Fi-
nally, similar images of MBBG distribution were obtained
using either ”Br or ®'Br for drug detection, thus providing
a powerful internal control for image specificity (Fig. 7).

Local quantification of MBBG uptake, corresponding to
2440 measurements, is given in Table 2. It appears that the
higher the injected dose the higher the mean local drug
concentration; wide discrepancies, however, were found
among the 8-um wide counting areas, with variations in the
range of concentration as large as 80 ug of drug per mg of
tissue. In addition, many local concentration values were
10-80 times above the values expected according to radio-
active uptake experiments. Finally, we found that the in-
tensities of the secondary standardized bromine ion beams,
obtained on 102-um sputtered areas, were highly corre-
lated (r = 0.997, p < 10~*), which is in agreement with their
similarity in abundance.
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DISCUSSION

The use of transplantable tumor models endowed with
the same specific uptake and storage systems as those
encountered in chromaffin tissue and related tumors is a
prerequisite to reliably mimic tracer uptake by tumor cells
in humans. Indeed, most human tumors had ischemic and
necrotic regions with potentially decreased radiosensitivity
and in which radionuclide accessibility may be critical (2).
The PC12 pheochromocytoma tumor model was consid-
ered appropriate for in vivo pharmacological studies be-
cause its avidity for MIBG was retained at a high level after
xenografting.

Images of both MBBG and MIBG intratumor uptake
were constantly obtained with the IMS-3F. Although both
drugs were taken up within a few hours after injection,
SIMS experiments were performed 24 hr later. Indeed, the
amount of drug taken up at 24 hr is a more reliable gauge of
cumulated activity, and thus at mean absorbed dose levels.
The 200- and 400-ug of stable drugs injected yielded blood
concentration levels bordering on 1 ©M 24 hr postinjection
(0.34% 1ID/g of blood and for MBBG), a value known to
authorize significant passive diffusion in tumor cells. Be-
cause a concentration gradient exists between the blood
and tumor cells, however, blood concentrations overesti-
mate the amounts of drug which effectively reach the tu-
mor. In addition, the PC12 xenografts had very high spe-
cific uptake values compared to those of nontargeted
tissues. Overall, intratumor MBBG or MIBG levels, which
may result from passive diffusion, such as in the nontarget
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FIGURE 4. SIMS images of [*'Br)]MBBG
within the PC12 xenograft after in vivo ad-
ministration of 200 ug of the drug and chem-

ical sample processing. (A) SIMS image of
the tissue structure is delineated through
polyatomic 2°CN (cytosol and nuclei). (B)
Phosphorus (3'Ph) SIMS image mapping of
the nuclei and (C) SIMS mapping of MBBG
through 8'Br detection, displayed in inverse
video scale. On the phosphorus image (B),
nucleoli are visible (small arrows), but better
mapping of the whole tissue structure is ob-
tained with 2°CN detection. MBBG intratu-
mor distribution appears rather homoge-
neous due to the chemical sample

. Note the marked staining of the
cells close to the vessels. Image field: 102
pm, bar: 10 um.

IGR-N-835 neuroblastoma, and even after a 400-ug in-
jected dose, correspond to local concentration values
which are below the detection threshold of the IMS-3F for
halogens (14, 19).

MBBG and MIBG intratumor distribution patterns were
crudely homogeneous, but MBBG could also be mapped as
rather intense foci of accumulation, especially when the
cryopreservation procedure was used. Indeed, the redistri-
bution of stored drugs cannot be ruled out during chemical
sample processing due to passive drug diffusion in sol-
vents. This is why cryotechniques ought to be used to
ensure signal specificity and to preserve the actual drug
concentration levels required for SIMS quantification (20).
The focal pattern of accumulation with MBBG remains
unexplained. This molecule may gain easier access to tu-
mors because it is much smaller and less lipophilic than
MIBG.

Both drugs were shown to accumulate in the cytosol of
the tumor cells, but a minute signal was also detected for
bromine or iodine when these images were superimposed
onto the phosphorus images, which essentially mapped cell
nuclei (Fig. 6). Two explanations are plausible here. First,
drugs situated in the cytosol but close to the nucleus mem-
brane may be imaged in cell nuclei or at the periphery
because the IMS-3F only has a lateral resolution of 500 nm.
Second, SIMS analysis functions by successive acquisi-
tions directed at selected ions. The typical acquisition
times for CN~ and 3'P~ are 15-30 sec, whereas duration
values bordering 90 sec are often needed to analyze bro-

.w=n FIGURE 5. SIMS images of MBBG and
2 MIBG within the PC12 xenogratft after in vivo
e administration of 400 ug of the drugs and
The phosphorus image (A) maps tumor cel
nuclel which appear very imegular. Both sta-
ble MIBG (B) and MBBG (C) exhibited ho-
mogeneous intratumor distribution that cor-
relates with the tumor model. There are,
however, distributions that cannot be super-

we e imposed. Image field: 60 um.
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FIGURE 6. SIMS images of MBBG and MIBG within the PC12
xenograft after in vivo administration of 400 ug of the drugs and

sample processing with cryotechniques. The phosphorus image in-
dicates the tissue structure (A). Here, ['27I]MIBG is rather homoge-
neously distributed (B) compared to MBBG, which shows foci of
accumulation (C and D). Because bromine has two stable isotopes
of similar abundance, it is possible to map MBBG through the de-

tection of ["°BrjMBBG (C) or [¢'BrJ]MBBG (D). Both images are very
similar and thus provide a powerful intemal control for specificity
detection. The minute differences observed between (C) and (D) are
due to the fact that the two SIMS images are actually separated by
approximately 50 nm. Image field: 60 .m.

mine or iodine, so much so that a depth of 100-300 nm may
separate the first and last sputtered plans which ultimately
produce the final ionic image. This phenomenon causes a
further reduction of ten or so nanometers in the lateral
resolution of the composite image resulting from the super-
imposition of the computerized elementary ionic images.
Most of these problems will be solved with the new gen-
eration of SIMS microscopes which offer parallel detection
and a lateral resolution attaining 50 nm (21). These micro-
scopes are ten times more sensitive than the IMS-3F whose
halogen detection threshold is 0.5 ug/g for biological ma-
terials with a spatial resolution of below 1 um.

Local quantification, standardized with the '2C second-
ary current, was first achieved on 8-um wide areas, a size
well adapted for most problems of cell biology. Counting
on cell-scaled areas not only led to a wide range of local
concentration values, but also to overestimations com-
pared to the expected mean values derived from radioac-
tive counting. A similar phenomenon, albeit limited, has
been reported in the counting of freshly organified iodine in
thyroid follicles (22). This may be because very different
molar drug doses are considered, ranging from micrograms
in SIMS analyses to picograms in radioactive experiments.
This also indicates that the sputtered volumes (mg tissue)
involved in SIMS analysis are very small and may or may
not correspond to sites of drug accumulation. To obtain
data more adaptable for multicellular dosimetry, SIMS
analysis was also performed on 102-um wide fields. Unfor-
tunately, we were unable to obtain standardized MBBG
local concentration values in our analysis of these larger
fields because the standard calibration curves had only
been derived for small volumes of tissue-equivalent resin

FIGURE 7. SIMS images of superimposed elemental ion images in pseudocolors corresponding to a zoomed detail view of the lower

comer in Figure 5. The nuclei are displayed in green (3'P). (Left) MIBG is imaged in red-to-yellow and MBBG in blue. Note that most of the
signal is evidenced in the perinuciear areas, but that MIBG and MBBG distributions are not superimposable. (Right) MBBG mapping

obtained through the detection of 7°Br (red) or of 8'Br (blue).
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TABLE 2
SIMS Quantification of Local Concentration of MBBG within PC-12 Tumors

Injected dose Normalized 7°Br counts Drug concentration (ug drug/mg tissue)
(ug) N (™Br/%C) x 10*3 mean + s.d. range
200 730 33843 7.88 = 10.1 (0-75.6)
200 470 423 + 6.0 992 + 143 (0.3-80.2)
200 800 264 +1.76 6.02 + 3.84 (0-17.84)
400 230 7.66 + 6.71 184 + 16.1 (2.76-65.3)

SIMS quantification of the drug is derived from measurements of secondary "°Br ion beam intensity. This current is standardized by the
corresponding 2C secondary ion beam intensity and the drug concentration is then derived from calibration curves determined for the same
normalized ionic ratio ("°Br/2C) counted in tissue-equivalent resin. N is the number of measurements for each count lasting 1 sec. Two dose levels
of injected MBBG are presented. All measurements are made on cryoprepared fragments. The normalized ionic ratio value of <0.002 corresponds

to an undetectable local concentration.

and were only available for bromine-to-carbon ratios over
0.002. A comparison of the local concentrations of both
drugs was nonetheless obtained by measuring the normal-
ized secondary bromine and iodine ion beams (Br/'*C
versus '2I/'*C) corresponding to the sputtering of these
102-um wide areas. Both emissions were moderately cor-
related (r = 0.3t0 0.5, n = 1200 measurements, p < 10°) for
all analyzed areas, suggesting that uptake mechanisms at
the cellular level, though highly specific, only partially
account for global uptake in xenografts.

SIMS promises to be a powerful tool in the field of tracer
development. Compared to quantitative autoradiography,
which has the advantage of being widely available, only
SIMS is able to map and quantify multiple stable drugs
simultaneously. In addition, not all radioactive isotopes are
able to provide autoradiograms with acceptable sensitivity
or lateral resolution, and, even when they are suitable,
their use in humans is problematic for obvious ethical and
legal reasons. Finally, because of filtering by mass spec-
trometry, all SIMS images have the same lateral resolu-
tion, irrespective of the physical decay properties of the
analyzed ions under study. Depth-counting profiles have
already been obtained with SIMS in biological specimens,
and three-dimensional imaging is under development. This
technique is complementary to fluorescent confocal mi-
croscopy, which is particularly interesting since it provides
three-dimensional images of the distribution of monoclonal
antibodies directed at tumor antigens or receptors.

Some of the partial responses with MIBG therapy are
likely to reflect dramatic heterogeneity in dose distribution,
as previously demonstrated in experimental neuroblastoma
(19), because 90% of the dose is delivered within 815 um of
a point source with *'I. Among the alternative halogens
that can be attached to benzylguanidines, *Br has favor-
able physical characteristics for both imaging and therapy.
Moreover, PET emission may permit accurate external
quantification of tumor compared to that expected with
SPECT or planar images, with the added advantage of
being able to provide better spatial resolution (10).

MBBG has interesting properties for therapy since it
decays through two highly energetic beta emissions (3.1

SIMS Assessment of MBBG and MIBG in Pheochromocytoma ¢ Clerc et al.

and 3.6 MeV), which account for particles with path
lengths ten times the values reached with '3'I. This prop-
erty is particularly needed when the objective of internal
radiotherapy is to kill tumor nodules above 5 mm, and even
more so to obtain tumor shrinkage by administering the
tracer de novo, i.e., as first-line therapy (23). Indeed, in
internal radiotherapy, the probability of tumor cure is max-
imal for a critical tumor size, which depends on the mean
range of the particles emitted. This size has been calculated
to be of approximately 2 mm for experimental spherical
tumor models when "*'I is used (24). The physical half-life
(16.2 hr) of "Br is acceptable for therapy and sufficiently
long to permit delivery from distant cyclotron facilities.
Finally, no unwanted thyroid irradiation will occur with
this drug because bromine, unlike iodine, is not trapped by
this gland.

CONCLUSION

It is noteworthy that the range of "Br in tissue could be
of interest to guide the surgeon during surgery and permit
the selective detection of labeled tissues from the surface
to a few millimeters in depth because intraoperative beta
probes are insensitive to gamma radiation (25).

We now know that MBBG will reduce the heterogeneity
of dose distribution. The next step is to evaluate whether
human tumors will take up MBBG and determine bone
marrow toxicity, the dose-limiting factor with MIBG.
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