
position in vivo. This validation of the chemical integrity
of a radiopharmaceutical in vivo becomes especially im
portant with the less stable (4) or biologically reactive
functionalities of the newer agents (5â€”10).

The first technetium heart agent to be successful in
humans, technetium (t-butyl isocyanide)6@ [99mTc-TBI]
(11), exhibited high myocardial extraction, but slow clear
ance from the lungs back into the blood as well as very
high uptake and prolonged retention in the liver (12). The
structurally similar compound technetium (2-carbome
thoxy-2-isocyanopropane)6@ [99mTc..CPI]is also a lipo
philic cationic complex containing six identical function
alized isonitrile ligands (10). The terminal methyl ester
functions on the ligands were included in the design of
this molecule to introduce an unstable organic functional
group that could undergo metabolism or decomposition
thus enhancing biologic excretion after initial myocardial
extraction had occurred.

Preliminary screening of 99mTcCPI in rabbit demon
strated high initial accumulation of activity in the heart,
liver and kidney with rapid clearancefrom blood and lung,
followed by moderate hepatobiliary and renal clearance
and more gradual myocardial washout (13). During toxi
cologicand preclinicaldosimetryevaluationsof 99mTc@CPI
kit formulations in other species, however, distinct differ
ences in biodistribution were observed in that no myocar
dial accumulation was observed in rat or mouse (14).
Further screening in other species along with pharmaco
logic evaluation ofthe compound's radiochemical integrity
were performed to ascertain the nature ofthese differences
and to determine the ability of the guinea pig model to
predict the behavior of an agent in human.

MATERIALS AND METHODS

The metastable radionuclide @mTc,as sodium pertechnetate
(30-150 mCi/ml, 1.1â€”5.5GBq/ml), was obtained from a com
mercial @Mo/@mTcgenerator (DuPont/Biomedical Products, N.
Billerica, MA). Synthesis and characterization of CPI, the

@Tc(CPI)6@complex and 99mTcTBI have been published else
where (10,15).

The cationiccomplex technetium(2-carbomethoxy-2-isocy
anopropane)@(@Tc-CPl) contains terminal ester groups that
were included to provide a pathway for in-vivometabolism of
thiscompound,therebyenhancingitsperformanceas a myo
cardial perfusion agent. Biodistnbution studies of the corn
pound demonstrated rnyocardial accumulation in rabbit,
guineapig,andchick,butnotinratandmouse.Radiochernical
analysisby HPLC after in-vitro incubationof @â€œTc-CPlin
blood plasma from the various species confirmed enzymatic
hydrolysis to numerous new compounds. Rat and mouse
serum produced complete hydrolysis of this agent after in
cubationfor less than 5 sec at 25Â°Cor rates greater than
500 times those observed in human, rabbit, guinea pig and
chickserum.Chemicalsynthesisandisolationof themonohy
drolyzed species with subsequent biodistribution studies in
guinea pig and rabbit confirmed that this neutral lipophilic
complex did not accumulate in heart tissue. It is concluded
that varying rates of enzymatic in-vivo hydrolysis produce the
interspecies biodistnbution differences and may account for
the moderatemyocardialclearancerelativeto other isonitrile
complexes.

J NucI Med 1992; 33:1357-1365

nterspecies variation in biodistribution has long plagued
the development ofradiopharmaceuticals, especially in the
discovery of technetium heart (1,2) and brain perfusion
agents (3). No single animal is an acceptable model for
humans; therefore, validating preclinical biodistribution
studies is an important step before proceeding to clinical
trials. Evaluation of the biodistribution of a compound
alone, when the biochemical mechanisms for localization
or the pharmacokinetics are unknown, reduces nuclear
medicine to the simple visualization of anatomy. Empiri
cally obtained biodistribution data should also include
radiochemical analysis as a test for metabolism or decom
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Chromatography
Reversed-phase thin-layerchromatography (RP-TLC)was per

formedon WhatmanMK C-18platesdevelopedin methanol/
acetonitrile/tetrahydrofuran/aqueous buffer (ammonium ace
tate, 0.5 M) (3:3:2:2, v:v:v:v). High-performance liquid chroma
tography (HPLC) was carried out on a sequential dual-detector
system,uv-vis (254 nm) and Nal-based radiometric detection
(WatersAssociates,Woburn, MA) as describedpreviously(16).
AnalyticalHPLC analysisof @mTc@CPIand its metaboliteswas
accomplished in a reversed-phase mode (RP-HPLC) with a C8
bonded(5 tiM)sphericalsilicaparticlestationaryphase(Brownlee
OS-MP cartridge, 100 mm x 4.1 mm) (Rainin Instruments,
Woburn MA) and a gradient mobile phase of 100% aqueous
buffer (ammonium sulfate, 0.05 M, pH 5.5) to 95% methanol in
a 5-mmlineargradientat a flowrate of 1ml/min.

Biological samples were made ready for RP-HPLC analysis
using a pre-wet (C-l 8) Sep-Pak Cartridge (Waters, Milford MA)
prepared by first injecting,via a syringethrough the cartridge,
absolute ethanol (5 ml) followed by distilled water (5 ml) and
finally air (10 ml).

Radiochemical Preparations
Technetium-99m-CPI was synthesized by addition of@mTcO4_

(20â€”200mCi, 0.74â€”7.4GBq, 1â€”2ml 0. 15 M saline) to a vial
containing sodium dithionite(5.O mg, 0.029 mmol), ethanol (0.25
ml, 95%) and the liquid CPI ligand (5 @l,0.039 mmol) followed
by heating at 65Â°Cfor 30 mm. Separation of the radiolabeled
complex from reagents was performed by loading the cooled
solution (1.0 ml) onto a pre-wet C-l8 Sep-Pak and flushing the
cartridge with saline (0.15 M, 10 ml) followed by ethanol/water
(30%, 5 ml) and ethanol/saline(95%, 5 ml). Radiochemical
purity was determined by both RP-HPLC and RP-ITLC to be
>95% and stable for more than 6 hr. The identity of the @mTc@
CPI specieswas confirmedby RP-HPLCwith the characterized

@Tc(CPI)6@and a retention time of9.0 mm (k' = 4.30); RP-TLC
Rf= 0.7.

Preparationof the FirstHydrolysisProductof @â€œTc
CPI

The neutral monohydrolyzedproduct of the cationic @mTc@
CPI complex [Tc(CNC(CH3)2COOCH3)5(CNC(CH3)@COO)]Â°,
[Tc(CPI)5(H-CPI)]Â°, was synthesized by incubating the reconsti
tuted 99mTcCpI preparation at pH 9.0 for 10 mm at 25Â°C
followed by neutralization to pH 6.0 with HC1 (0.5 M). The
solution (100 mCi, 3.7 GBqJml) was loaded onto a C-18 Sep
Pak,and the cartridgewaselutedwithethanol/saline(30%,5 ml)
followedby ethanol/water (90%, 5 ml) to isolate the neutral
lipophilic complex in an overall 5% yield. The RP-HPLC reten
tion time was 8.2 mm (k' = 3.8); RP-TLC Rf = 0.6.

Animal Biodistribution
Albino rats (male CD, 400â€”650g) and albino mice (male CD

1, 25â€”35g) were obtained from Charles River Breeding Labora
tories, Wilmington, MA; male Hartley guinea pigs (300â€”600g)
from Elm Hill, Chelmsford, MA; and 4-day-old Leghorn chicks
(40â€”60g) (SPF-utility chicks) from Spafas, Norwich, CT. New
Zealand albino rabbits (3â€”4kg)were purchasedfrom Pine Acre
Rabbitry, Assonet, MA.

Dynamic gamma camera imaging studies were performed after
i.v. injection of 99mTc@pI (1.0 mCi, 37 MBciJO.2 ml) under
sodium pentobarbital anesthesia. Images were collected on a
LEAPcollimatedGE400Tgammacamera(GE MedicalSystems,

Milwaukee, WI) at 60-sec intervals for 1 hr in a 64 x 64 matrix.
Time-activity curves for heart, lung, liver and kidney were ob
tamed without backgroundsubtraction.

Quantitative biodistribution studies were performed in mice,
rats, guinea pigs and 5-day-old chicks. Unanesthetized mice were
injected with 99mTcCpI (25 DCi,0.9 M&iJlOO @d)via a tail vein
and killed by cervical dislocation. Rats and guinea pigs under i.p.
sodium pentobarbital anesthesia (35â€”50mg/kg body weight) were
administered 99mTCCPI(100 XCi,3.7 MBq/lOO gil) via an ex
posed femoral vein and killed by cardiac puncture. Unanes
thetized chicks were injected with 99mTc@CPI(25 zCi, 0.9 MBq/
l00@il)via a wingveinand killedby ether asphyxiation.

lnâ€¢VitroHydrolysis of @Tc-CPI
In-vitro hydrolysis of the radiolabeled compound was exam

med using plasma from freshly drawn heparinized blood. Human
blood wasobtainedfrom fasted(>8 hr), healthymaleand female
volunteers, with normal HDL, LDL and triglyceride levels. For
interspecies comparison, hepannized blood was taken by cardiac
puncture from ether-anesthetized male albino guinea pigs, mice
and rats and from unanesthetized rabbits via an ear vein. Blood
samples were centrifuged at 3000 x g for 5 mm to separate cells,
and the plasma was kept cold (4Â°C)until use. In each hydrolysis
experiment, plasma (0.20 ml) was pipetted into a borosilicate
culture tube and equilibrated to 37Â°Cin a water bath. The 99mTc@
CPI complex (10â€”50mCi/ml, 0.37â€”1.85 GBq/ml, 20 @tl)was
added, the contents were shaken and incubation was continued
for various periods of time. Enzymatic hydrolysis was halted by
the addition of cold (4Â°C)absolute ethanol (1.0 ml) and cooling
in an ice bath to precipitate serum proteins. The samples were
centrifuged (15 mm, 2500 x g, 4Â°C)and the supernatant was
analyzed by RP-HPLC. Repeated RP-HPLC analysis on the same
sampledemonstratedthat further hydrolysisdid not occur in the
ethanolic supernatant.

RESULTS

Biodistribution Studies
Dynamic gamma camera studies in rabbits provided a

simple direct comparison ofpharmacokinetics for different
technetium compounds. Figure 1A shows a rabbit whole
body image obtained 60 mm postinjection of 99mTc@TBI,
which served as our relative standard. Distinct visualiza
tion of the heart is made just above the persistently hot
liver. Time-activity curves for this agent (Fig. lB) show
the high initial lung uptake with gradual clearance that
obscures visualization of the heart until 20 mm postinjec
tion when the heart-to-lung ratio exceeds 2. Dynamic
gamma camera imaging of 99mTcCpI in the same species
(Fig. 2A) also reveals good visualization of the heart;
however, as appreciated in the time-activity curves, reso
lution ofthe heart from background lung activity occurred
much earlier in the study due to the lower initial pulmo
nary accumulation and more rapid clearance (Fig. 2B).
Blood activity, measured by venous sampling from the ear
opposite that of injection, showed very rapid clearance to
0.04% per gram by 5 mm postinjection. Thus, greater than
95% of the heart-associated activity reflects retention
within the myocardium. The conspicuous donut can be
observed in the high-resolution image shown in Figure 2C,
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FIGURE 1. (A) Representativewhole
bodyimageof rabbitat 60-mmpostinjec
tion of @â€œTc-TBl(1.0 mCi).(B)Time-activ
ity curvesfor fasted,anesthetizedrabbit
out to 60-mm postinjection. Regions of
interestare normalizedto cpm/pixel.

15 30 45

which is an anterior view of the thoracic cavity of the
rabbit at 60 mm postinjection. Additionally, liver and
kidney clearance, with half-times of 24 mm and 16 mm,
respectively, were far more rapid than those of 99mTc@TBI.
Consequently, the more rapid blood clearance and hepa
tobiliary excretion of 99mTc@CPIenhances the target-to
background ratios earlier in the study.

Quantitative biodistribution studies performed in the
guinea pig at increasing times after intravenous injection
of99mTc@CPIconfirmed 1.3% Â±0.3% ofthe injected dose
localized in the heart at 5 mm postinjection (Table 1). The
heart activity gradually decreased over time to 0. 19% Â±
0.06% at 4 hr postinjection with a tÂ½of 1.1 hr. The rapid
clearance of background activity from blood and lung
through high extraction by liver and kidney meets the
requirements for a myocardial perfusion agent to assess
induced transient ischemic events. Also, both rapid hepa
tobiliary and renal excretion were observed, which was in

concordance with the rabbit pharmacokinetic data. At
times greater than 15 mm after injection, the continued
decrease in liver and kidney activity, without increase in
blood concentration, indicates that hepatobiiary and renal
excretion occurred without reabsorption.

A comparison of biodistribution data for 99mTc@CPIin
four different species demonstrates a distinct variation in
myocardial accumulation. Table 2 summarizes the biodis
tribution data for guinea pig, rat, mouse and chick at 5
mm postinjection. For these early times after injection,
the amount of 99mTcCpI retained in the heart of guinea
pig and chick was relatively high at 1.25% Â±0.32% and
1.33% Â±0.26% ID, respectively, which gave heart-to-lung
ratios on a per gram basis of 2.4 and 1.8, also consistent
with the rabbit images. However, for rat and mouse, the
negligible activity in the heart (a factor of 20 less than that
in guinea pigs) resulted in heart-to-lung ratios less than 1.0

with no possibility of myocardial visualization.

A

FIGURE 2. (A) Representativewhole
bodyimageof rabbitat 15-mmpostinjec
tion of @â€œTc-CPl(1.0 mCi).(B)Time-activ
ity curves for fasted, anesthetizedrabbit
out to 60-mm postinjection. Regions-of
interest are normalizedto cpm/pixel. (C)
High-resolutionstatic 5-mmacquisitionof
rabbit heart obtainedat 60-mmpostinjec
tion.
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TABLE I
Biodistributlonof @â€œTc-CPIin GuineaPigsas%ID/OrganOrgan

5 min* 30 min*@ min*4hr*Heart

1.25Â±0.32 1.11Â±0.13 0.68Â±0.040.19 Â±0.06Blood
1.40Â±0.27 0.92Â±0.15 0.63Â±0.100.30 Â±0.06Lungs
0.91Â±0.09 0.36Â±0.04 0.10Â±0.020.08 Â±0.02Uver
13.3Â±2.20 2.24Â±0.82 1.21Â±0.200.30 Â±0.04Kidneys
10.4 Â±2.55 8.20 Â±1.81 5.12 Â±1.430.54 Â±0.22*Me@ofn>4@im@jsÂ±sd(@_

1).

GuineaPigRatMouseChick%ID/organ

%ID/g%ID/organ%lD/g%lD/organ%ID/g%lD/organ%lD/gHeartI

.25Â±0.32 0.90Â±0.200.066 Â±0.0030.057 Â±0.0020.046 Â±0.0160.37 Â±0.191 .33 Â±0.264.46 Â±1.28Blood1

.40Â±0.27 0.053Â±0.0083.82 Â±0.330.16 Â±0.0182.16 Â±0.611 .14Â±0.42â€”1 .83Â±0.60Lungs0.91
Â±0.09 0.38Â±0.110.25 Â±0.0640.12 Â±0.0150.23 Â±0.0621 .09 Â±0.451 .03 Â±0.312.48 Â±0.64Liver13.3
Â±2.20 0.87Â±0.2920.0 Â±2.151.27 Â±0.1111.5 Â±2.405.73Â± 1.1021.9 Â±1.0412.3 Â±1.40Gut34.4
Â±4.29 â€”37.5 Â±5.72â€”50.0 Â±5.23â€”24.0 Â±3.78â€”Kidneys10.4
Â±2.55 3.04Â±0.782.71 Â±0.880.91 Â±0.271.37 Â±0.752.63 Â±1.185.79 Â±1.4013.4 Â±4.35Bladder0.51
Â±0.35 â€”9.30 Â±3.84â€”10.9 Â±3.35â€”3.84 Â±0.73â€”Spleen0.58
Â±0.10 1.01Â±0.230.048 Â±0.0110.06 Â±0.0070.048 Â±0.0260.47 Â±0.150.30 Â±0.125.81 Â±2.92Brain0.029
Â±0.004 0.008Â±0.0010.015 Â±0.0030.008 Â±0.0010.045 Â±0.0090.1 1 Â±0.0260.048 Â±0.0070.051 Â±0.004Muscle14.2
Â±4.50 0.079Â±0.0207.78 Â±1.630.049 Â±0.0117.09 Â±3.410.57 Â±0.35â€”0.63 Â±0.17*Me@ofn@5animalsÂ±s.d.(,â€”

1).

resulted in the eventual observation of all nine hydrolysis
species predicted for a rigid octahedral hexacoordinate
complex as identified in Table 3. All the newly generated
hydrolysis products were observed to have progressively
shorter RP-HPLC retention times, indicating increasing
hydrophilic character, as would be expected for the increas
ing number ofdeprotonated carboxylic acid groups on the
newly generated complexes. Even the neutral monohydro
lyzed product [99mTc(CpI)5(H..Cpfl]Othe first new species
observed in the chromatograph, has a retention time
shorter than the cationic 99mTc@CPIcomplex. The intra
molecular separation of the cationic technetium(I) center
from the terminal carboxylic acid, which is deprotonated
at physiologic pH, produces a zwitterionic species with an
overall neutral charge but yet more hydrophiic than the
parent cation. Assignment of HPLC peak identities shown
in Table 3 was made by comparison with characterized
[99Tc(CPI)6]@hydrolysisproducts and measurementof
peak integral ratios for juxtaposed species in the chromat
ograph to determine cis/trans and fac/mer geometric iso
mers based on a random sequential process as shown in
Scheme 1 and described in detail elsewhere (10).

Incubation of 99mTcCpI in rabbit plasma for 2 mm at
37Â°Cfollowedby HPLCanalysisrevealed84%of the
activity present as the original cationic agent with the
remaining 16% consisting primarily of the monohydro
lyzed neutral product. Similar low initial rates of in-vitro
hydrolysis were observed after incubation in guinea pig
and human serum with 93.3% Â±0.4% and 90.9% Â±1.0%,
respectively, of 99mTcCpI remaining after 2 mm at 37Â°C.
If incubationin theseplasmasamplesis allowedto con
tinue for longer periods of time, increased hydrolysis is
observed with numerous species generated as exemplified
in Figure 4 for the reaction in human serum after 40 mm
at 37Â°C.Control studies on the rate of decomposition by
simple alkaline catalyzed hydrolysis in pH 7.4 buffered
saline showed a significant but much slower rate of deg
radation. Table 4 contains the relative percent of each
technetium compound present after incubation at 37Â°C

For guinea pig and chick, extraction and elimination of
activity by the two major excretion routes were different
from that in rat and mouse, with only 570% of the total
activity excreted by 5 mm in the former two species
compared with 71.6% in the latter. This difference of
biologic clearance rate does not appear to be due to more
rapid blood clearance but to lower uptake of the agent in
the muscle and fat of rat and mouse. The initial ratios of
activity distributed between liver and kidney excretory
pathways is not significantly different between the two
groups ofanimals. At 5 mm postinjection, 46.8% Â±5.6%
and 10.3% Â±2.5% ofthe activity were in the hepatobiliary
and renal clearance pathways, respectively, for guinea pig
and chick compared with 59.5% Â±7.8% and 12.14% Â±
4.4%, respectively, for mouse and rat.

As predicted from the biodistribution results, dynamic
imaging studies in the guinea pig revealed good visualiza
tion ofthe heart by 5 mm postinjection with heart-to-lung
and heart-to-liver ratios of 2.0 and 1.1 after 30 mm as
shown in the time-activity curves (Fig. 3). The gamma
camera images for the rat are strikingly different in that
no delineation of the heart from the blood pool can be
made. The liver clearance rates for both species were
similar with a tÂ½of 14 mm.

Radiochemical Analysis of @Tc-CPlIn-Vitro Hydroly
sis

Radiochromatographic analysis by HPLC of 99mTc@CPI
after incubation at pH 10 for varying lengths of time

TABLE 2
Biodistribution of @Tc-CPlin Four Species of Animal at Five Minutes Postinjection
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. . 60e0 ;@@ 45 c@@j SCHEME I. Distributionof productsforsequentialhydroly
sis of a rigid octahedralhexacoordinatecomplex
with ratios of geometric isomers predicted if hy
drolysis occurs at random. Hydrolysis is shown
as a continuationfrom the monohydrolyzedzwit
tenonicneutralcompound.

a time as 10 sec, virtually only the dihydrolyzed species
was present. Measurements at shorter time intervals
showed that even after 3 sec at 25Â°Ccomplete conversion
of the cation of the neutral or anionic product had oc
curred (data not shown).

Not only does the rate of hydrolysis differ between these
species but so does the ratio ofgeometric isomers observed
for the metabolites of this octahedral complex. Figure 6
shows a comparison of the products obtained after incu
bation at 37Â°Cfor 2 mm in rat plasma and 70 mm in
human plasma. Although the resolution of peaks is not

FIGURE 4. RadiographicdetectionforHPLCanalysisof@mTc
CPIbefore(A)and after (B) in-vitro incubationwith humanserum
for 40 mmat 37Â°C.

FIGURE3. (A)Time
activity curves fol
lowing intravenous
injection of @â€œTc
CPI (0.5 mCi) into
fasted, anesthetized
guineapig out to 60-
mmpostinjection.(B)
Time-activity curves
followingintravenous
injection of @â€œTc-CPl
(0.5 mCi)into fasted,
anesthetizedrat out
to 30-mm postinjec
tion.

for 30 mm in plasma from human, rabbit, guinea pig, rat
and an aqueous solution buffered to pH 10. After these
prolonged in-vitro incubation times, in no case did a
significant amount of the parent cation remain.

A striking contrast was observed in the initial rate of
hydrolysis and the ratio of products obtained after incu
bation of 99mTcCpI with plasma from rat or mouse com
pared with the other species tested. Figure 5 compares the
chromatographs obtained at 37Â°Cafter a 2-mm incubation
in human plasma and a 10-secincubation in rat plasma.
In human plasma, the radiochemical purity was similar to
the control analysis. In rat plasma, however, after as short

TABLE 3
Reversed-PhaseHPLC Analysis of @â€œTc-CPlHydrolysis

Products

B

A

â€œTc(CNC(CH,)fOOCH3),

8
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GuineaPeak
#pH10PigRabbitHumanRat1<0.5<0.5<0.5<0.5<0.522.42.8<0.51

.8<0.532.611.21.92.1<0.5411.56.37.06.21.0518.833.117.814.924.8613.217.97.34.32.578.211.49.88.455.8827.74.627.424.515.1913.59.626.136.1<0.5102.13.12.71.7<0.5*

Expressedas percentof activitypresent.

TABLE 4
Metabolites of @Tc-CPlAfter Incubation in Plasma of

DifferentSpeciesat 37Â°Cfor 30 Minutes*

large, it can be seen that the first dihydrolyzed species
eluted on this system (trans-[Tc(CPI)4(H-CPI)2]') is pres
ent in much greater concentration in the rat plasma than
the longer retained geometric isomer (cis-[Tc(CPI)4(H-
CPI)2]'). By contrast,the longerretainedcis isomeris
present at four times the concentration of the trans-di
hydrolyzed species following extended incubation in hu
man plasma. The more rapid rate of metabolism and the
alternate products produced indicate a completely differ
ent enzyme system in the blood ofrat or mouse compared
to the other species tested.

Biodistributlon of [@â€œTc(CPI)5(H-CPl)]Â°
Dynamic camera imaging of a rabbit following intrave

nous injection of[@mTc(CPI)5(H@CPI)]0gave images strik
ingly different from those ofthe parent cationic agent (Fig.
7A). No heart activity is detectablein this 10-mm image,

FIGURE 5. RadiographicdetectionforHPLCanalysisof @â€˜Tc
CPI following in-vitro incubationat 37Â°Cin human plasmafor 2
mmShOWingthemajorftyof radiolabelpresentasthecaflonand
in rat plasmafor 10 sec containingprimarilythe dihydrolyzed
product.
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. Hydrolysis of @TC(cpi)6'@
inRatPlasma

. Hydrolysis of @â€œTc(cpi)@
inHumanPlasma
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FIGURE 6. HPLC analysisof @â€œTc-CPIfollowingin-vitroin
cubationat 37Â°Cfor 70 mmin humanplasmaand2 mmin rat
plasma demonstratingformation of different ratios for cis and
trans geometric isomers of the dihydrolyzed metabolite.

which shows only liver, intestine and kidney distribution.
The time-activity curves (Fig. 7B) indicate a consistent
heart-to-lung ratio of 1.0 and a very rapid biiary clearance.

A comparison of biodistribution for the monohydro
lyzed neutral species [99mTc(CPI)s(H@CPI)]owith the parent
cationic agent 99mTcCpI in guinea pig at 5 mm postinjec
tion is presented in Table 5. The most significant difference
between the two structurally similar compounds is that
the percent of injected [99mTc(CpI)s(HQpI)]Oactivity re
tamed in the heart is one-tenth that observed for the
cationic 99mTcCpI species. Also apparent is that the total
activity excreted through the liver is slightly higher for the
more hydrophilic monohydrolyzed species (57.7% Â±
14.8%) than for the original 99mTc@CPI(47.7% Â±6.5%)
with the concurrent inverse relationship observed for renal
excretion, 2.3% Â±0.7% for the neutral compound versus
10.9% Â±2.9% for the cation. These mean values are the
reverse of what one would expect on the basis of lipophil
icity alone; consequently, overall charge must play a sig
nificant role on the rate of liver versus kidney extraction
from the blood for these two compounds.

DISCUSSION

Biodistributlon

Initial biologic screening of the technetium ester isoni
true complexes was performed in the rabbit because of its
favorable predictive value with other potential heart agents
(1 7). The 4â€”5kg size of these animals is convenient for
whole-body imaging on a gamma camera to obtain dy
namic distribution with maximal resolution. In addition,
the possibility of re-injecting the same animal, via the ear
veins, minimizes intraspecies variation. Evaluation of bi
odistribution by dynamic gamma camera imaging, despite
the drawback of limited quantitative data, allowed direct
comparison of pharmacokinetics for different technetium

Tc-CPI

c-CPI in Human Plasma
2 ml, at 37â€•C
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Â±0.320.90 Â±0.200.10 Â±0.020.065 Â±0.13Blood1.40
Â±0.270.053 Â±0.0082.16 Â±0.930.074 Â±0.019Lungs0.91
Â±0.090.38 Â±0.110.252 Â±0.0350.076 Â±0.014Liver13.3
Â±2.200.87 Â±0.299.11 Â±1.940.358 Â±0.086Gut34.4Â±4.29â€”48.6Â±12.9â€”Kidneys10.4

Â±2.553.04 Â±0.782.12 Â±0.480.494 Â±0.146Bladder0.51
Â±0.35â€”0.176 Â±0.220â€”Spleen0.58
Â±0.101.01 Â±0.230.056 Â±0.0190.078 Â±0.031*Meanofn6animalsÂ±s.d.(iâ€”
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FIGURE 7. (A) Representativewhole
body image of rabbit at 15-mm postinjec
tion of [@â€œTc(CPl)@(H-CPI)]Â°(1.0 mCi), a
monohydrolyzedmetaboliteof parent cat
ionic agent. (B) Time-activity curves for
fasted, anesthetized rabbit out to 60-mm
postinjectionof [@â€œTc(CPl)@(H-CPI)1Â°.Re
gions of interest are normalized to cpm/
pixel.

S

complexes. The more rapid clearance of activity from
background organs to enhance target-to-nontarget ratios
was the criterion for a second generation myocardial per
fusion agent.

The guinea pig was chosen for initial quantitative bio
distribution studies because of its critical predictive value
in screening other cationic myocardial imaging agents (2).
Heart accumulation of@mTc@CPIhas also been confirmed
by imaging and modeling studies in dogs, pigs and pri
mates (13) and by imaging studies in humans (18,19). The
somewhat unusual inclusion of the chick in the interspe
cies comparison of biodistribution was to confirm the
validity of using cultured chick myocytes for cellular ki
netic studies (20). Thus far, the only species that have not
shown myocardial uptake oP@mTc@CPIare rat and mouse.
These two species do, however, show heart uptake for
other technetium isonitrile compounds, including 99mTc
TBI and 99mTcMIBI (11,21,22) and other catiomc agents
(23).

The choice of an â€œidealâ€•animal model depends upon
the particular distribution property for which one is screen

ing, with the limitation that it be cost-effective. For the
next generation heart agent, the debate centers around
whether a higher extraction efficiency is critical for analyz
ing disease states and, if so, can it be obtained without
increasing transient extraction by background organs, i.e.,
blood cells, lungs, systemic muscle or fat, that may grad
ually release the agent back into the bloodstream and
interfere with acquiring the stress image. There appear to
be two compartments to the uptake equation, a nonspe
cific component proportional to the lipophilicity of the
complex and a membrane-specific component, which is
more dependent upon molecular shape and charge distri
bution (24). For making comparisons of myocardial ex
traction ofdifferent compounds, a cell culture model offers
the greatest control of conditions and variables. The cx
amination of other properties that are prerequisites for a
successful myocardial agent requires testing for blood in
teractions, preferably in human blood, and performing
pharmacokinetic studies by dynamic imaging of medium
sized animals, i.e., rabbit and guinea pig, and toxicity
studies in the least expensive species available. In short,

TABLE 5
Biodistribution of @â€˜Tc-CPland [@â€˜Tc(CPl)@(H-CPl)]Â°in Guinea Pigs at Five Minutes Postinjection
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there is no â€œidealâ€•model for the human and it is better to
begin with the most optimistic system that gives the great
est number of potentially successful compounds.

As part of our initial screening for biologic properties,
gamma camera images of rabbits injected with @mTc@CPI
were promising due to the early clear visualization of the
heart. These images correlated with uptake studies in
cultured avian myocytes (20) indicating a high extraction
efficiency of 99mTCCPIand agreed with the model of a
freely diffusible cationic compound that was retained in
tracellularly by the high negative membrane potentials of
myocytes and mitochondria (25). The absence of heart
uptake in the biodistribution studies with rat and mouse
was potentially contradictory to this general model of
accumulation and raised doubts whether to proceed to
human trials. Had initial screening of @mTc@CPIbeen
performed by biodistribution in the mouse, by far the least
expensive mammalian species, its potential as a myocar
dial perfusion agent would have been missed. By contrast,
the biodistribution and pharmacokinetics of 99mTc@CPIin
rabbit and guinea pig indicate that this compound has
optimal biologic behavior for a myocardial perfusion
agent.

Radiopharmacology
The @mTc-CPIcomplex can be easily produced in ra

diochemical yields 95% and is stable in solution at pH 4
to 7 for more than 24 hr. However, when diluted in
physiological buffer at pH 7.4 or greater, significant hy
drolysis is observed, as much as 38% in 1 hr. This rate of
chemical decomposition or alkaline catalyzed hydrolysis
is still much slower than that observed in human, rabbit
or guinea pig serum with rates that are themselves almost
500 times slower than those observed in rat and mouse
serum. The exceptionally rapid hydrolysis of @mTc@CPI
that occurs in rat and mouse serum and the absence of
heart uptake of the monohydrolyzed species in either
guinea pig or rabbit indicate that metabolism ofthe parent
compound in the blood is the origin of the interspecies
biodistribution differences. Additionally, an appreciation
of how drastically the rate of esterase activity can vary
between species suggests an explanation for the interspecies
distribution differences observed with other compounds,
such as the brain perfusion agent technetium N,N'-l,2-
ethylenediyl-bis-L-cysteine diethyl ester (@mTc@ECD)(26).

The firstproductof hydrolysis,althoughstilllipophiic
with a net overall neutral charge, unlike other neutral
complexes (27-29) does not accumulate significantly in
the heart of guinea pig or rabbit and is not taken up in
isolated cultured chick heart cells (30). If, as has been
proposed, cationic isonitnile complexes are retained in
myocytes in proportion to the plasma and mitochondrial
membrane potentials (25), then a neutral compound
would not be expected to be retained. Uptake ofthe neutral
myocardial perfusion agent CardiotecÂ®by contrast appears
to occur by a different mechanism, namely nonspecific

lipid partitioning (29). It should be noted that the lipo
phiic character of the neutral CardiotecÂ®agent is consid
erably greater than that of either 99mTc@CPIor its neutral
monohydrolyzed product. This much greater lipophilicity
is required for a neutral compound to be extracted effi
ciently by the heart and the absence of charge allows its
rapid washout from myocardial tissue.

The fact that the neutral [99mTc(CPI)s(H@CPI)oJ,mono
hydrolyzed specie is not accumulated in guinea pig heart
also suggests an explanation for the moderate myocardial
washout of@mTc@CPIobserved in animals and in humans
(31) in comparison to other isonitrile complexes (12,21,
32). Hydrolysis of a terminal ester group of 99mTc@CPI,
after localization in guinea pig myocardial tissue, removes
the catiomc charge and allows diffusion out of the heart
with the concentration gradient. This makes for an optimal
agent because hydrolysis produces a radiolabel that clears
from the heart and does not re-accumulate. It is not known
whether the rate of hydrolysis after the cationic agent is in
the heart is dominated by enzymatic or chemical hydrol
ysis.

CONCLUSION

Addition of the reactive methyl ester group to an isoni
tnle ligand followed by coordination to a reduced techne
tium central atom produces a lipophilic cationic complex
that undergoes both base-catalyzed hydrolysis and enzy
matic hydrolysis in vitro. The parent cationic 99mTc@CPI
agent exhibits high initial uptake and retention in the
myocardial tissue of rabbit, guinea pig and chick but
virtually no accumulation in the heart of rat or mouse.
The sequential metabolites ofthis agent are of increasingly
hydrophilic character and negative charge, features which
produce quite different biodistribution properties. Conse
quently, we conclude that rapid enzymatic hydrolysis of
99mTcCpI in the blood of rat and mouse produces metab
olites possessing a peripheral negative charge and lower
lipophilicity, characteristics that inhibit their diffusion
across the plasma membrane of heart tissue and retention
based on a negative myocardial membrane potential.
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