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S a result of the increased use of CT, MRI and ultrasound,

incidentally found massesin the locationof the adrenalglands
have emerged as a clinical problem. Patients undergoing CT for
reasons other than suspected adrenal disease manifest adrenal
lesions with a frequency of approximately 1% (1â€”3). The
potential extent of this problem is illustrated by the fact that
adrenal lesions are found at autopsy in 1.9%â€”8.7% (4,5). In
most cases (7O%â€”94%), these incidentally found tumors,
termed â€œincidentalomas,â€•consist of benign cortical nonhyper
secretory adenomas (6). If an adrenal lesion has been radiolog
icallydetectedinapatient,abiochemicalhormonalscreeningis
performed to rule out both adrenal medullary and cortical
hypersecretory tumors. If hypersecretion is established bio
chemically, these patients are normally considered candidates
for surgery. For patients without evidence of adrenal hyperse
cretion, the differentiation ofthe common adenomas from other
benign lesions such as cysts and lipomas or from malignant
lesions,i.e., adrenalcortical carcinomaor extra-adrenalmetas
tasis,mustbe established.In view of the low specificityof CT,
MRI and other imaging methods for such differentiation,
patients with nonhypersecretory tumors that are >3 cm in
diameter are often referred for surgery to rule out a primary
adrenal cortical carcinoma.

Iodine-123-iodomethylnorcholesterol(NP-59) imaging (7â€”9)
has a high specificity and accuracy in defining adrenal cortical
masses. A limitation of the method is the long waiting period
(4â€”7days) from injection to imaging, making it cumbersome
and costly. Both hypersecretory and nonhypersecretory adeno
mas (and some hypersecretory adrenal cortical carcinomas)
accumulate NP-59, whereas nonfunctioning primary and sec
ondary malignant lesions, as well as other space-occupying
lesions, demonstrate decreased, distorted or absent uptake.

MethOdS With the purpose of developing a PET imaging agent for
tumors of the adrenal cortex, we developed syntheses for@ 1C-
etomidate and its methyl analog,@ 1C-metomidate. (R)-[O-ethyl-1-
1 1C]Etomidate and (R)-[O-methyl-1 1C]metomidate were prepared

by reaction of the appropriate respective@ 1C-Iabeledalkyl iodide
and the tetrabutylammoniumsatt of the carboxylic acid derivative.
The specificity of binding to the adrenalcortex was tested through
the use of frozen section autoradiographyof different tissues of the
rat, pig and human. Inhibitionof tracer binding was evaluatedwith
etomidate, ketoconazoleand metyrapone,well-known inhibitors of
enzymes for steroid synthesis. Tracer binding to different human
tumor samples was compared to immunohistochemical staining
with antibodies for the steroid synthesis enzymes P450 11/3(11f3-
hydroxylase),P450scc (cholesterolside-chaincleavageenzyme),
P450 C21 (21-hydroxylase) and P450 17a (17ca-hydroxylase).Three
PET investigations, one with@ 1C-etomidate and two with@
metomidate,were performed in rhesus monkey sections, including
the adrenals,liverand kidneys.Time-activitycurves were generated
from measured tracer uptake in these organs. Results: In frozen
sectionautoradiographyof varioustissues,high bindingwas seenin
the adrenal cortex from all species, as well as in the tumors of
adrenal cortical origin. The level of liver binding was about 50% of
that in the adrenals, whereas that of all other organs was <10% of
the adrenalbinding.The adrenalbinding was blocked by etomidate
and ketoconazoleat low doses but not by metyrapone.The binding
in the adrenal tumor samples correlated with immunostaining for
P450 11g. PET studies in the monkey demonstrated high uptake in
the adrenalswith excellentvisualization.The uptake increasedwith
time without indicationof washout.Slightlyloweruptakewas seenin
the liver as compared to the adrenals, and in the late images, no
organsotherthanadrenalsandliverwereseen.Conclusion:These
investigations indicate that@ 1C-etomidate and@ 1C-metomidate
havethe potentialto be usefulspecific agentsfor the visualizationof
the normal adrenal cortex and to provide positive identificationof
adrenalcorticaltumors.
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Using NP-59 scintigraphy in 229 patients, Gross et al. (10)
demonstrated 100% specificity and 70% sensitivity in charac
tenzing clinically silent adrenal masses found by CT. In their
report, however, only 15% of the NP-59 avid lesions (adrenal
adenomas) were confirmed by surgery. Boland et al. (11) used
PET with â€˜8F-fluorodeoxyglucose to show an excellent discrim
ination between benign adrenal lesions with no uptake and
adrenal metastases characterized by high uptake. The develop
ment of adrenal cortical imaging agents based on enzyme
inhibitors was reported by Beierwaltes et al. (12,13). The â€˜â€˜C
radiolabelingofananalogofmetyrapone,apotentandselective
inhibitor of 1lf3-hydroxylase activity, has been reported (14),
but these researchers concluded from results of rat biodistribu
tion studies, that this tracer was not a viable candidate for the in
vivo PET imaging of 1lf3-hydroxylase activit@' in humans.
â€œFaintadrenal imagesâ€•were reported when 12 1-metyrapone
was used in one patient with bilateral hyperplasia (15). Thus,
successful human studies of enzyme inhibitor-based adrenal
cortical imaging have not been reported.

Tomoreefficientlydiscriminateadrenalcorticalmassesfrom
nonadrenal masses presenting as incidentalomas on CT and to
visualize and lateralize small hyperfunctioning adrenal adeno
mas that are not clearly depicted by CT, we hypothesized that
PET might be potentially valuable, with its vast potential for
using radiolabeled substances.

As a biochemical target, we selected the cortisol- and
aldosterone-synthesizingenzymes,whichshouldbefoundex
clusively in lesions originating from the adrenal cortex. As the
potentially best tracer substance, we chose etomidate, which has
been shown to be the most potent available inhibitor of
11f3-hydroxylase (16â€”19),a key enzyme in the biosynthesis of
cortisol and aldosterone. Etomidate, first reported in the 1960s
and l970s and manufactured by Janssen Pharmaceutica, is an
imidazole derivative with short-acting hypnotic properties when
it is administered intravenously and has, thus, been used as an
anesthetic in humans (20). Incubation studies with human
adrenocortical tissue have shown that etomidate predominantly
blocks the conversions of 1l-deoxycortisol to cortisol (IC50 =
0. 15 pM) and of 1l-deoxycorticosterone to corticosterone (IC50
= 0.03 pM) (16, 1 7) by inhibition of the cytochrome P450-

linked 1l@-hydroxylase enzyme system. Etomidate also inhib
its l7a-hydroxylase (IC50 = 6â€”8 pAl) and, much less potently,
the production of androstendione from l7a-hydroxyprogester
one (IC50 = 380 @.tM).Etomidate has no inhibitory effect on
2l-hydroxylase.

During the development of the labeling methods for â€˜â€˜C-
etomidate, we also investigated the methylated form, 1
metomidate. Both ofthese compounds were tested in vitro using
frozen section autoradiography and in vivo in biodistribution
studies in the rhesus monkey to explore their potential as tracers
for the adrenal cortex and its tumors.

MATERIALSAND METhODS

Chemistry
Synthesis of Carbon-i i-Labeled Ethyl Iodide. Carbon-i 1-

CO2 was produced on a Scanditronix MC-l7 cyclotron. After
cryogenic focusing, 1â€˜C-CO2was transferred in a stream of
nitrogen to a glass reaction vessel that had been charged with
MeMgBr (36 @mol,0.3 ml of a 0.12 M solution diluted 1:24 in
Et20-tetrahydrofuran; Aldrich) 30 sec after the cryogenic â€˜â€˜C-
CO2 trap was removed from its liquid nitrogen bath. After the
amount of radioactivity that passed through the reaction vessel
andtrappedin an Ascante tubehadpeaked(-@-2.5mm), LiA1H4
(0.2 mmol, 0.2 ml of a 1 M solution in tetrahydrofuran; Aldrich)

was added. The nitrogen flow was increased to 200 mi/mm, and
the vessel was heated to 130Â°Cover 3 mm. The nitrogen flow
was reduced to 10 mi/mm. A second reaction vessel connected
in series to the first was charged with HI (0.5 ml, 57%; Fluka),
and the same amount ofHI was added to the first reaction vessel
over 30 sec. After an additional 30 sec, the second reaction
vessel was heated to 130Â°Cover 3 mm, and the volatile
components were distilled through a Sicapent drying column
into the substrate vial over 7 mm.

Preparation of the Precursor. (R)-1-(l-Phenylethyl)-lH-im
idazole-5-carboxylic acid (R28 141, 22.8 mg, 105 @mol;Cilag
Janssen Pharmaceutica) was weighed into a 5-ml glass vial.
Water (2 ml) and methylene chloride (2 ml) were added,
followed by tetra-n-butylammonium hydroxide (60 pi of a 1.5
M aqueous solution, 90 p@mol;Aldrich). The vial was equipped
with a magnetic stirring bar and capped, and the solution was
stirred for 18 hr at room temperature.The organic phasewas
removed, passed through a MgSO4 plug and filtered into a
flask. Solvent was removed in vacuo and the residue was
dissolved in 2.2 ml DMF(N,N-dimethylformamide)(Aldrich).
Each of eight oven-dried 0.8-ml glass high-performance liquid
chromatography (HPLC) vials was charged with 250 ml of the
resulting solution. The vials were crimp-capped and stored
below 0Â°Cbefore use.

Synthesis of [O-Ethyl-i-Carbon-li]Etomidate. Carbon-i 1-
ethyl iodide was distilled into the precursor solution in the
HPLC vial described above. The vial was heated in a 130Â°C
aluminum block for 7 mm. The vial contents were purified by
HPLC (Beckman Ultrasphere ODS, 5 mm, 10 X 250 mm, 45%
ethanol/55% water, 5 mllmin, 254-nm mass detection, radioac
tivity detection), and [0-ethyl-i-' â€˜C]etomidate (ETO) was
collected from â€”9.9â€”i1.8 mm. For in vitro experiments, the
tracer was diluted directly from the HPLC eluent. For in vivo
PET experiments, the mobile phase was removed in vacuo at
120Â°C,and the residue was dissolved in 10% ethanol/90%
phosphatebuffer(pH 7.4). The productwasanalyzedby
analytical HPLC for the concentration of etomidate and for
radiochemicalpurity [BeckmanUltrasphereODS, 5 mm, 4.6 X
250 mm, 65% acetonitrile:methanol (1 :1)135% water, 1 ml/min,
254-nm mass detection, radioactivity detection, tR (etomidate
standard) = 7.7 mm].

Synthesis of [0-Methyl-Carbon-i i]Metomidate. Carbon-i 1-
methyl iodide (prepared from [â€˜â€˜C]C02,LiA1H4 and HI) was
distilled into the precursor vial, proceeding as described above
for ETO. [0-Methyl-' â€˜C]metomidate (MTO) was collected
from the preparative HPLC column from â€”6.5â€”7.8mm. For in
vivo experiments, the product was formulated directly by
diluting a l-ml aliquot of HPLC eluent with 8 ml of phosphate
buffer. The product was analyzed by analytical HPLC for the
concentration of metomidate and for radiochemical purity
[Beckman Ultrasphere ODS, 5 mm, 4.6 X 250 mm, 60%
acetonitrile:water(50:7)140% 50 mM ammonium formate (jH
3.5), 1 ml/min, 254-nm mass detection, radioactivitydetection,
tR (metomidate standard) = 5.2â€”5.3 mm].

Frozen-Sec@on Autoradiography
Various tissues from rats and pigs (adrenal gland, liver, lung,

heart, kidney, bladder, colon, rectum, prostate, pancreas and brain),
complemented with human tissues (normal adrenal gland, adrenal
tumors, pancreatic cancer, uterine leiomyoma and synovia from
rheumatoid arthritis), were rapidly frozen and stored at â€”70Â°C.
Frozen sections with a thickness of 25 @mwere cut with a cryostat
microtome, adhered to gelatinized glass slides, well-dried at +4Â°C
and stored at â€”20Â°Cawaiting the experiments. For the binding
studies, the glass-mounted tissues were preincubated for 10 mm in
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FIGURE1. Frozen-sectionautoradkgra
phyperformedby incubatingtissueslices
with 11C-etomidateat a 30 nM concen
tration for 30 mm,washingand exposing
on phosphorimagingplate.Parallelsam
pIes were coincubated with 10 pM eto
mklate to indicatenonspecfficbinding.

Tris-HC1 buffer (pH 7.4). Carbon-l i-etomidate or â€˜â€˜C-metomidate
was addedat a concentration of 30 nM, and incubation proceeded
for 30 mm at room temperature. Parallel sections were incubated
with radioactivity plus 10 p.M of etomidate for blocking specific
binding. Thereafter, the sections were washed three times for 1 mm
on each occasion in buffer and then once in purified water and
finally dried for 10 mm at +37Â°C.A reference incubation standard
was preparedby placing 20 @tlofthe incubationsolutionon a small
filter paper attached to a glass slide. The mounted sections were
placed on a storage phosphor screen (Phosphorlmager; Molecular
Dynamics) for an exposure of 40 mm (21,22). The plate was read
by a laser, and a quantitative image of the distribution of radioac
tivity was viewed on a computer screen. For quantification of
binding, regions of interest (ROIs) were outlined on the sections,
the incubation standard, the blocked sections and a background
area of the screen. After subtraction of the background, specific
binding in a tissue section was calculated as total binding minus

uptake in a blocked section of the corresponding tissue, and the
fraction of specific binding was calculated as the ratio of specific
binding to total binding. The specific binding was further corrected
for variations in specific radioactivity by dividing by the total
measured radioactivity in the incubation standard.

In separate experiments, the influence of incubation time was
investigated by incubation of pig adrenal and pig liver sections for
iO, 20, 30, 40 and 50 mm. The influence of washing time was
investigated by incubating for 30 mm and washing three times for
1 mm each time, and thereafter, the sections were left in the last
washing bath for another 10, 20, 30 or 40 mm. The inhibition of
â€˜â€˜C-metomidate binding to pig adrenal and liver sections was

examined either by adding nonradioactive etomidate at concentra
tions up to 10 pM together with the radioactivity or by adding
etomidate at concentrations up to 3.3 @M60 mm before the
radioactivitywasadded.Similarblockingstudiesat similar con
centrations were performed with ketoconazole and metyrapone.
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RGURE4. Semilogarithmicplotof inhibitionof11C-metomidatebindingto
p@adrenalcortex exertedby etomidate(0 and â€¢)and ketoconazo@(i@and
A)at increasingdoses.Theinhibitorwasaddedalther60mmbefore(â€¢and
A) or slmuftaneousIy with tracer (0 and L@4.

The immunohistochemical staining was performed on 6-sm
acetone-fixed cryosections. As primary antisera, rabbit polyclonal
antibodiesgeneratedagainstthe following enzymeswere used:
bovine cytochrome P450 11 @3-hydroxylase(P450 11j3, diluted
1:50; Oxygene Dallas, Dallas, TX) (24), porcine l7a-hydroxylase
(P450 i7a, diluted 1:70; Oxygene Dallas) (25) and bovine side
chain cleavage enzyme (P450 5cc, diluted 1:30; Oxygene Dallas)
(26). In addition, human antisera containing autoantibodies to
cytochrome P450 2 i-hydroxylase were used (P450 C2 1, diluted
1:150) (27). The sections were then incubated with biotinylated
goat antirabbit IgG (BA1000, diluted 1:200; Vector Laboratories,
Burlinghame, CA) or peroxidase-labeled rabbit antihuman IgG
(P2 14, diluted 1:200; DAKO, Glostrup, Denmark), followed by
incubation of avidinâ€”biotinâ€”horseradishperoxidase complex
(PK4000; Vector). As negative control normal rabbit IgG (ZOi 13;

FIGURE2. Rslath,especificbindingof 11C-etomldatetofrozensecticns from
rat, @gand human @ssues.NOrmalizedto rat adrenalcortex binding(100%).
Bars,s.d.

Adrenal Tissues and Immunhistochemistry
One biopsy from a normal adrenal gland was obtained during

nephrectomy and biopsies from 13 adrenocortical tumors during
adrenal surgery. The adrenal tumors consisted of six adenomas
(1â€”4cm in diameter) and seven adrenal cortical carcinomas (7â€”15
cm in diameter). Of the adenomas, two were associated with
primary hyperaldosteronism (Conn's syndrome), two were associ
ated with hypersecretion of cortisol and two were associated with
nonfunctioning status. Of the carcinomas, one was associated with
hypersecretion of estradiol, one was associated with hypersecretion
of estradiol, cortisol and androgens and the remaining five were
associated with no biochemical evidence of hormone excess. All
patients with carcinomas demonstrated a pathological urine steroid
profile with increased urinary excretion of mainly 3f3-hydroxy-5-
ene steroids and tetrahydro-l 1-deoxycortisol (23).
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FIGURE5. Relathiebindingof 11C-metomklateto 13 operative samples of
adrenaltumors correlatedwith the degreeof immunostaining(scale,0 = no
stainingto 3 = strongstaining)for 11@3-hydrox@@4ase.0 = cancers;â€¢=
adenomas.

FIGUREa Time course of bindingof 11C-etomklate(0 and L@)and 11C-
metomidate(â€¢and A) to p@adrenalslices. Lower lines(t@and A) indicate
amountof nonspecfficbinding.
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FiGURE6. PE@images obtained after
intravenousinjection of 11C-metomidate
inrhesusmonkeys.Leftimages(AandC)
show the uptake pattern 0.5 mm after
injection, and nght images (B and D)
correspondingsections 20 mm after in
_on. Upper images (A and B) show
axial sections,and lower images(C and
D)show parasagittalsec@onsthroughthe
nght kidneyand adrenal.i@zrowindicates
adrenalcortex.

DAKO) and normal human serum obtained from a blood donor
were used in the same concentrations as the primary antisera.
Staining was visualized by 3-amino-9-ethylcarbazole (KEBO Lab
oratories,SpAnga,Sweden)and counterstainedwith Mayer's he
matoxylin.All antiserawere dilutedin phosphate-bufferedsaline
containing 1% bovine serum albumin (Sigma Chemical Co., St.
Louis, MO), and all incubations were performed at room temper
ature.

Immunoreactivity, reported as semiquantitative staining inten
sity, was classified as follows: 0 = none, 1 = weak, 2 moderate
and 3 = strong.

Monkey Studies
Three rhesus monkeys were selected for PET investigations. The

monkeys were anesthetized with diprivan and tracrium and pre
pared for artificial ventilation. The monkeys were placed supine on
the bed ofthe PET camera (GE 4096) (28) and positioned to allow
the 10-cm field of view to image the abdomen including the
adrenals. A transmission scan was performed using an external
68Gesource.Carbon-i 1 etomidate (one study) or@ â€˜C-metomidate
(two studies) (95â€”135MBq) was injected intravenously and
scanning was initiated with a dynamic imaging sequence in which
14 frames were acquired over 45 mm. Quantitative images were
reconstructed with attenuation and scatter correction. In the images
obtained,ROIs weremanuallyoutlinedto representadrenals,liver,
kidney and pancreas. Well-perfused organs, such as the kidneys
and the pancreas, were identified in early images. For each region
and each study, time-activity data were generated, expressed as the
standardized uptake value (SUV) by dividing the regional tracer
concentrationby the ratio of total administeredradioactivityto
body weight. Time-activity data were plotted to allow a compari

sonofbehavior ofthe two tracersin the selectedorgans.To further
demonstrate the selective tracer uptake in the adrenals as compared
to liver, the ratios of adrenal to liver were formed and plotted
versus time.

RESULTS

Rad@
Syntheses ofETO and MTO were prepared by reaction of the

appropriate respective â€˜â€˜C-labeledalkyl iodide and the tetrabu
tylammonium salt of the carboxylic acid derivative. Up to 1.6
GBq of ETO with a specific radioactivity of up to 6.4
GBq4i.mol was prepared in less than 60 mm from the end of
cyclotron bombardment, whereas up to 10 GBq of MTO with a
specific radioactivity of up to 120 GBq/p.mol was prepared in
under40mm.
Autoradiography

The images from frozen-section autoradiography performed
with â€˜â€˜C-etomidatedemonstrated high binding in adrenals from
all speciesincludingman,aswell as in theConn'sadenoma
(Fig. 1). Relatively high binding was also noted in the livers,
whereas other organs had low binding. Quantitatively, the
binding in the adrenals from rats, pigs and humans differed by
lessthan 10% (Fig. 2). Liver binding was 40%â€”50%of adrenal
binding, kidney binding was 6%â€”l6% and binding of all other
organs was <10%.

When binding studies were performed with â€˜â€˜C-metomidate
in different tissues, the highest uptake was noted in the adrenals
from the rat and pig (â€˜â€˜C-metomidatewas not studied in human
adrenals), followed by livers from these two species. Liver
binding was about 26% of the respective adrenal binding.
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FIGURE7. Axialimages of the monkey
abdomenat the levslsofthe nghtadrenal
â€˜@t and C) and left adrenal (B and D).

Upper images @Aand B) were obtained
with the injection of 11C-etomldate,and
lower images (C and D) were obtained
with 11C-metomidate.

Binding to rat pancreas was 4%, and binding to rat and pig
kidney was about 1%. All other tissues, including human
pancreascancers,uterine leiomyoma and inflammatory syno
via, had binding of < 1% of that seen in the adrenals.

There was a good correlation between the binding of@ â€˜C-
etomidate and â€˜â€˜C-metomidate (R2 = 0.95), but in general, the
binding to the adrenals was higher for â€˜â€˜C-metomidateand the
bindingto otherorganswaslowerfor thistracer.

Incubation with â€˜â€˜C-etomidateor â€˜â€˜C-metomidate for differ
ent lengths of time resulted in a nearly linear increase in the
bound fraction (Fig. 3). With the longest incubation time (50
mm), a tendency for equilibration was seen. After a 30-mm
incubation time, the nonspecific binding was 13% for â€˜â€˜C-
etomidate and 2% for â€˜â€˜C-metomidate. A 30-mm incubation,
followed by washing for different time periods, indicated no
loss of radioactivity for either of the tracers.

In the competition experiments, the specific binding of
â€ẫ€˜C-metomidate to pig adrenal sections was inhibited in a

dose-dependentmannerbyetomidatewithanIC50of 0.4 pM if
the blocking agent was added simultaneously with the tracer
and with an IC50 of 0. 13 pM if it was added 60 mm before (Fig.
4). In studiesofthe â€˜â€˜C-etomidateand â€˜â€˜C-metomidatebinding
to liver slices, the specific binding was much lower than in the
adrenals. This binding was inhibited at lower etomidate con
centrations, 0.09 and 0.07 j.@M,respectively. Ketoconazole
inhibited the â€˜â€˜C-metomidate binding to adrenal sections with
an IC50 of9.5 @Mwhen it was given simultaneously with tracer
and with an IC50 of 2.3 @..tMwhen it was given 60 mm before.
In the liver sections, the inhibition constants were 6. 1 and 2.1
,.LAI,respectively. When attempts were made to inhibit â€˜â€˜C-
metomidate binding with metyrapone, no effect was seen up to
10pM.

Immunohistochemistry revealed significant differences be

tween the different tissue samples studied. No correlation could
be found between the degree of â€˜â€˜C-metomidatebinding and the
immunohistochemicalstaining for P450 i7a. Compared to
immunohistochemistry for P450 scc and P450 C21, the â€˜â€˜C-
metomidate binding was, on average, higher in those sections
with intense staining, but there was a wide range from close to
zero to the highest values. There was a clear overlap in
I â€˜C-metomidate binding between sections with weak staining

and those with strong staining.
With respect to staining for P450 1if3, there was a clear

correlation to â€˜â€˜C-metomidatebinding with high binding in
those sections showing strong staining and low binding in those
with weak staining (Fig. 5). There was no overlap in binding
between those with strong staining compared to the others.
There was also a clear separation ofadenomas and cancers, with
the adenomas all having strong staining and high binding of
I â€˜C-metomidate (mean Â± s.d., 1 .40 Â± 0.76) and the cancers

showingfaintor weakstainingandlow binding(0.17 Â±0.15).

MonkeyStudies
In the PET images acquired immediately after injection, high

uptake was noted in the kidney cortex and pancreas (Fig. 6).
After only a few minutes, the adrenals exhibited the highest
uptake of those tissues in the field of view of the PET camera.
At the end ofthe study, only the adrenals and the liver could be
seen, with significantly higher uptake in the adrenals. Visually,
no clear difference was noted between@ â€˜C-metomjdateand
â€ẫ€˜C-etomidate (Fig. 7). The time course of uptake in the kidney

and pancreas was characterized by very high initial values
(SUV -â€˜.-15), followed by a marked washout (SUV @â€˜2â€”3)(Fig.
8). The adrenal uptake increased rapidly within the first few
minutes, followed by a slower increase to SUV levels of 15â€”20.
The liver showed a tendency to reach a plateau (ETO) or slow
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etomidate, has similar inhibitor@jproperties. Each inhibitor
could be readily synthesized in â€˜C-labeledform in amounts
suitable for in vivo and in vitro studies, although both the
radiochemical yields and specific radioactivities were signifi
cantly higher for MTO than ETO. The lower yields and specific
activities obtained in the synthesis of ETO can be directly
attributed to the nonoptimized synthesis of [â€˜â€˜C]ethyliodide.
The method provided a mixture of â€˜â€˜Ciodides (methyl, ethyl
and isopropyl) (29), and the presence ofethyl iodide mass could
likely be causedby a combination of the high reactivity of
methyl magnesium bromide with atmospheric carbon dioxide
and hydrolysis ofresidual diethyl ether in the reaction medium.

Frozen-section autoradiography performed with ETO and
MTO demonstrated that the binding ofthese tracers was high in
normal adrenal cortex tissues without any major interspecies
differences.The binding was basically irreversible in the time
span available for â€˜â€˜C-labeledcompounds. As an indication that
the binding observed is likely to be related to binding to
lif3-hydroxylase, this binding is blocked by etomidate and
ketoconazoleat dosescorrelating well with 1ij3-hydroxylase
inhibition constants (i6â€”i9). Finally, there was a good cone
lation betweenthebinding of' â€˜C-metomidateandstainingwith
an antibody to 11f3-hydroxylase. However, one factor that
remains to be explained is the lack of competition by metyra
pone, a well-known inhibitor of 1ij3-hydroxylase. The reason
for this discrepancy may be that ETO and MTO bind preferen
tially to one isoenzymewhile metyraponebinds to anotheror
that the compoundsbind to different siteson the enzyme.

The monkey studies demonstrate that â€˜â€˜C-metomidate and
1â€˜C-metomidate are also suitable in vivo tracers. Although the
adrenal cortex in the monkey is smaller than the resolution
elementofthe PETcamera,theadrenalswereclearlydelineated
and had higher uptake than did any other structure in the
abdomen.This points to the possibility of visualizing the
adrenals and lesions derived from them in vivo in humans, and
indeed,we havealreadyshownthis in a pilot study(Bergstrom
M, unpublished data, 1997).

Certain disorders that manifest themselves as lesions in the
adrenal cortex may have steroid-synthesizing properties similar
to or quite different from those of the surrounding tissue.
Benign adenoma, for example, has been shown to have in
creased levels of 11j3-hydroxylase (30,3i). Other lesions found
in the adrenal cortex, such as adrenal cancer, may have varying
levels of this and other steroid biosynthetic enzymes, as the
limited number of tumors investigated implies. Lesions of
nonadrenal origin, such as metastases originating from lung,
breast and colorectal cancers, which frequently metastasize to
the adrenalcortex,areexpectedto not havethe mechanismsof
adrenal steroid biosynthesis and, therefore, to not contain
enzymes such as 1l@3-hydroxylase. The method presented when
applied in vivo in humans, should, therefore, allow a good
discrimination betweenlesionsof adrenalcortical origin and
metastasesfrom other tumor sites or pheochromocytomas and
couldpotentially influencetherapeuticandsurgicaldecisionsin
patientcare.

CONCLUSiON
In vitro studies using â€˜â€˜C-etomidate and â€˜â€˜C-metomidate

have indicated high uptake in the adrenal cortex of three
species, including man, and very low uptake in most other
organs. In vivo imaging of the adrenalswas possible in the
monkey with good visualization. It is thus likely that either of
these two tracers will allow in vivo imaging of the adrenal
cortex and its tumors to be usedfor diagnosticor differential
diagnostic purposes. With a shorter synthesis time and higher
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decrease (MTO) after a maximum at about 10 mm after
injection. The fmal liver SUV level achieved was about 10 for
both tracers.

The adrenal-to-liver ratio showed a minimum at about 5 mm
after injection, followed by almost linear increases with time to
reach ratios of 1.3 for â€˜â€˜C-metomidate and 1.8 for@
etomidate.

DISCUSSION
While searching the literature for suitable agents that could

be used for the identification of adrenal cortex tumors, it was
logical to focus on one specific property of the adrenal cortex,
namely, the biosynthesis of the steroids cortisol and aldoste
rone. This synthesis proceeded from cholesterol through several
hydroxylation and other cytochrome P450 enzymes. We as
sumed that tracers with specific binding to any of these
enzymes should have a high specificity for binding to the
adrenal cortex and lesions originating from there. Etomidate, an
ethyl carboxylic acid ester, has been reported to be the most
potent inhibitor of the adrenal steroid synthesis system known
(i9) and, hence, was a logical choice for the attempt to find a
suitable PET tracer. Metomidate, the methyl ester derivative of

988 THEJOURNALOFNUCLEARMEDICINEâ€¢Vol. 39 â€¢No. 6 â€¢June 1998



radiochemical yields and specific radioactivities, â€˜1C-metomi
date is more suitable for future clinical studies.
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