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The biodistrlbutionof the three cationic 99@â€•Tccomplexes [99@Tc(TMP)j', [99@â€•Tc(POM-POM)31',
and [99@TcffBlN)6J@â€”where1W represents trlmethylphosphfte, POM-POMrepresents 1,2-
bis(dimethyoxyphosphino)ethane, and ThINrepresents t-but@,1isonth1leâ€”havebeen evaluated in
humans and dogs. Each agent was st@ded in three normal volunteers at rest, while [99@@'Tc(POM
POM)3J@and [@Fc(TBlN)6]@were each sttded in one normal volunteer at exercise. Even though
all three agents yield good myocard@ images in dogs, none appear suitable for clinical use as
myocardial perfusion im@ing radiopharmaceuticals. In humans, [@Tc(rMP)@]@and [99â€•@Tc(POM
p(@j)@]+clear vety slowly from the blood and provide myocardlal images only several hours after
Injection. [@rc(TBlN)6]@clears rapidlyfrom the blood, but accumulation in the lung obscures the
myocardial image for the first hour after injection; at later times, activity in the liver and spleen
masks the apical wall. These results corre@te wiffithe blood-bindingproperties of the three
complexes. [ssrvrrc(TMP)e1+@ [S9fl(1@J,@]+ @jp,@J@ghfiy@ the plasma of human blood,
but not to the plasma of dog blood; [@rc(TBlN)6]@does not bind tightlyto the plasma of either
dog or human blood. Among the Tc(I)complexes studied to date in humans, [9@Tc(TBlN)6]@
appears to be unique in biOdiStIlbUtiOnpattern, blood-bindingproperties, and the fact that exercise
improves the ultimate myocar@al image. Allthe Tc(l)complexes appear to undergo myocardial
accumulation by a mechanism different from that utilizedby Tc(lll)complexes. Animal studies
alone are not adequate to evaluate the potential utllftyof 9@1@ccationic complexes for myocardial

@onstudies.
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n 1981, it was shown that cationic complexes of
technetium-99m (99mTc) accumulate in the normal

myocardial tissue of test animals (1). Since then, great
effort has been expended towards developing a cationic
99mTc radiopharmaceutical that would be clinically
useful. Gerson and co-workers (2,3) have evaluated tr
[99mTc(DMPE)2Cl2]+ and [99mTc(DMpE)3]+ in hu
man volunteers and patients, while recently Thakur and
co-workers (4) have similarly evaluated tr@[99mTc(DE@
PE)2Cl2]@ (DMPE = 1,2-bis(dimethylphosphino)eth
ane; DEPE = 1,2-bis(diethylphosphino)ethane). None
of these complexes are clinically useful despite the fact
that they all provide acceptable myocardial images in
test animals. Therefore it appears that, as a class, cat
ionic 99mTccomplexes undergo markedly species de
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pendent biodistributions and it is difficult to predict the
clinical utility of a particular complex from results
obtained in animals (5). The primary aim of this study
is to evaluate the biodistributions in man of three cat
ionic 99mTccomplexes that have recently been suggest
ed as potential myocardial perfusion agents on the basis
of animal studies: [99mTc(TBIN)6]+ (6),
[99mTc(TMP)6]+ (7,8), and [99mTc(pOMpOM)31+
where TBIN represents t-butylisonitrile, TMP repre
sents trimethylphosphite, and POM-POM represents
l,2-bis(dimethoxyphosphino)ethane (9). Because all
three ofthese agents are complexes oftechnetium(I), as
is [99mTc(DMPE)3]+ (3), whereas tr
[99mTc(DMPE)2Cl2] + (2), and tr- [99mTc(DE..
PE)2Cl2]@(4) are complexes of technetium(III), this
study was also designed to provide some insight into the
mechanisms of action of technetium(I) cations, and
possibly into the comparative mechanisms of action of
cationic Tc(I) and Tc(III) radiopharmaceuticals.
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After this comparative study of three 99mTcagents
was completed, there appeared in the literature (10) a
brief report on the biodistribution in humans of one of
them, [99mTc(TBIN)o] @.

MATERIALS AND METHODS

General
Unless otherwise specified, all materials were of reagent

grade. Solvents used in high performance liquid chromatog
raphy (HPLC) were specified as being of HPLC purity.
Trimethylphosphite (TMP) was obtained commercially@and
distilled before use; I ,2-bis(dimethoxyphosphino)ethane
(POM-POM) was prepared accordingto King (9); t-butyli
sonitrile (TBIN) was obtained commercially* and used with
out further purification. All three reagents were stored and
used in an inert atmosphere. Tetrabutylammonium borohy
dride was obtained commerciallyt.

High performance liquid chromatographic analyses were
performed using an apparatus equipped with (a) a guard
column containing LiChrosorb C18, (b) a 25 cm X 4.2 mm,
10-it particle size, C-8 reversed phase columnt, and (c) a
radiometric detection system centered at the 140 keV emis
sion of 99mTc

RadiopharmaceuticalPreparations
Labeling was conducted in an inert atmosphere using

â€œno-carrier-addedâ€•99mTcO4â€”obtained by eluting a
99Mo/99mTc generator1. Hexakis(t-butylisonitrile)techne
tium(I) ([99mTc(TBIN)6]+) was prepared using a method
analogous to that reported for the synthesis ofthe @Tcanalog
[99Tc(TBIN)6]@ (1/) An efficient synthesis of
[99mTc(TBIN)6J+has recently been reported in detail (10).
Hexakis(trimethylphosphite)technetium(I) ([@mTc(TMP)6]+)
was prepared in anhydrous methanol using a method analo
gous to that reported for the synthesis of the 99Tc analog
[99Tc(TMP)6]@(8). Tris( I,2-bis(dimethoxyphosphino)eth
ane)technetium(I) ([99mTc(POM@POM)3J+) was analogous
ly prepared in anhydrous methanol using tetrabutylammon
ium borohydride as a reducing agent.

Methanolic solutions of 99mTcO4â€”were prepared as fol
lows. Tetrabutylammonium bromide was added to an aque
ous solution of99mTcO4â€”and the resulting tetrabutylammon
ium pertechnetate salt was extracted onto a C 18 column. The
column was eluted with dichloromethane,and the resulting
solution was dried over MgSO4 before being evaporated to
dryness. Addition ofanhydrous methanol to the residue led to
a solution which could be used for the preparation of both the
TMP and the POM-POM complexes.In a typical prepara
tion of [99mTc(TMp)6]+, 0.75 ml of methanolic 99mTc04â€”
solution were degassed in a 5-mi borosilicate reaction vial and
0.75 ml of a 10% solution of TMP in methanol were added.
The resulting solution was sealed in the reaction vial by use of
a Teflon-lined cap and then heated at 100Â°C for 30 mm.
Preparations of [99mTc(POMPOM)31+ were conducted sim
ilarly except that 40 mg oftetrabutylammonium borohydride
wereadded to the preparation, and the reactionsolutionwas
heatedat140Â°Cfor2 hr.

All radiopharmaceuticalpreparationswere purifiedby Se
lectiveelution froma reversed-phaseSEP-PAK0@cartridge,

and then were passed through a 0.22-s filter. The TMP and
POM-POM radiopharmaceuticalswere injected in a 40/60
ethanol/saline matrix, while the more lipophilic TBIN radio
pharmaceutical was injected in a 70/30 ethanol/saline
matrix.

RadiopharmaceuticalQualityControl
The purity of the radiopharmaceuticals used in this study

was assured by a combination ofchemical and biologic quali
ty controls. Chemical quality control was effected by HPLC

on a C-8 reversed-phase column (12). For [99mTc(TMP)61+
and [99mTc(POM..POM)3]+ the mobile phase was 85/15
methanol/water containing 0.OlM sodium heptanesulfonate;
for the more lipophilic [99mTc(TBIN)61+ the mobile phase
was 55/35/ 10 methanol/THF/water containing 0.01 Msodi
um heptanesulfonate. At a flow rate of 1.5 mI/mm, typical
retention times for [99mTc(TMP)6]+, [99mTc(POM
POM)31@,and [99mTc(TBIN)6]+under these conditionsare
6,8,and 5mm.HPLC analysesshowedthat all radiopharma
ceutical preparations used in this study were >93% pure, and
the vast majority were >97% pure. Biologicquality control
was effected by first monitoring the biodistribution ofeach of
the three agents in at least six mongrel dogs and showing that
for each agent this biodistribution is reproducible. Since each
agent was also >95% pure by HPLC analysis, this prelimi
nary work demonstrated that HPLC quality control is suffi
cient to ensure a reproducible biodistribution in dogs (5,13).

Dog Studies
Ananesthetized(4-15 mg/kg Pentothal)mongreldogwas

placed in the supine positionwith its chest centered under a
largefieldgammacameratt equippedwitha low-energy,high
resolution collimator, and centered on the 140 keV emission
of 99mTc(20% energy window). Different dogs were injected
in the calf vein with 4â€”7mCi of [99mTc(TMp)6]+,
[99mTc(POM..pOM)3],+or [99mTc(TBIN)6]+,contained in
0.5 ml (Table 1). For the first hour after injection data were
recorded continuously in a 64 X 64 matrix using a dedicated
computer@tin the frame mode (10 sec/frame). During the
next hour, 1-mmframes were acquired at 20-mmintervals.
An indwellingcatheter, placed in the calf veinof the leg not
usedfor injection,wasusedto collect3-mibloodsamplesat 2,
4, 8, 10, 15, 30, 60, and 90 mm after injection.Each blood
sample was transferred to a heparinized tube immediately
after collection.

HumanStudies
Each agent was studied in three asymptomatic male volun

teers at rest. With the subject supine, and the gamma camera
centered over the thorax in the anterior projection, 7â€”13 mCi
in 0.5 ml (Table 1) ofthe agent were injected into an antecubi
tal vein. Using the same experimental setup as described
above, data were continuously acquired in the frame mode
(10 sec/frame, 64 X 64 matrix) for the first hour after
injection. Thereafter, I -mm frames were acquired at 30-mm
intervals for the duration of the study (6 hr for
[99mTc(TMP)6]+ and [99mTc(POMPOM)3]+, 4 hr for

The Journal of Nuclear Medicine410 Gerundini,Savi,Gilardiatal



TABLEIMyocardialMyocardialMyocardialInjec

BloodExperi

mentaltiondoseclearanceBlood
poolLungLiver5or35or35or3Agentday(mCi)(11/2

mm)io mm 60 mmhr10 mm60 mmhr10 mm60mmhrDog

1TMP16.01.51.11.12.02.50.40.6Dog2POM-POM24.81.51.2
1.23.53.50.40.6Dog3TBIN36.61.01.5

1.51.12.51.50.7Normal

volunteerPOM-POM29.142.00.5
0.51.11.31.62.21.00.60.6TBIN38.01.51.3
1.21.20.81.62.2'0.40.20.2'TMP49.457.00.6
0.81.11.31.42.00.70.40.4POM-POM512.623.00.5
0.61.41.01.32.00.60.40.6TBIN79.31.51.5
1.41.3'0.91.72.4'0.40.20.3'ThIN79.61.51.6
1.31.2'0.81.52.3'0.30.20.2'POM-POM811.151.00.7
0.81.11.81.71.91.00.70.7TMP910.826.00.6
0.71.11.21.32.20.60.51.2TMP910.136.00.6
0.71.01.01.11.30.60.61.1TBIN(STRESS)67.33.01.6
1.71.8'0.91.52.9'1.21.00.8'POM-POM(STRESS)810.349.00.7

0.81.11.61.82.70.90.70.8

[99mTc(TBIN)6]+) Magnified images (zoom = 2; 500,000
counts) were obtained in the anterior (ANT) and 40Â°left
anterior oblique (40 LAO) projections at the end of the
experiment. An indwelling catheter, placed in a vein of the
arm not used for injection, was used to collect blood samples
at 1, 2, 4, 6, 10, 15, 30, and 60 mm after injection for
[99m(TBIN)6]+; samples for the other two tracers were col
lected at these times plus at 120 mm.

99mTc(POM.POM)3]+and [99mTc(TBIN)6]+were each
studied in a normal male volunteer during graded exercise
using bicycle ergometry. At peak exercise, â€œ@â€˜l0mCi of the
agent were injected intravenously and exercise was continued
for 1-mm. Imaging and blood collection were performed as
described above for the resting studies.

Data Analyses
Blood samples were weighed and then counted in a well

counter11.The plasma fraction wasseparated by centrifuga
tion at 1,500 g for 10 mm, and then it was also weighted and
counted. Aliquotsof the original radiopharmaceuticalwere
also counted as internal standards. The activity in the blood
(and in the plasma) was then corrected for decay and cx
pressed as a percentage of the injected dose per mg of blood
(or plasma). These data were then used to construct time
activity curves which were distinctly biphasic in all three dog
studies and in the [99m(TBIN)6]+ human study. Values for
the half-lives (T412)governing the first portion of the blood
clearance were obtained from time-activity curves plotted on
a semilog scale. The ratios of activity per mg of plasma to
activity per mg ofred blood cells (RBC) were also plotted as a
function of time.

Regions ofinterest (ROl) were defined over the left antero
lateral heart wall, cardiac blood pool, lung, and liver. The
resulting counts, corrected for pre-injection patient back
ground, were normalized to the area ofthe ROl. The ratios of
counts in the left ventricle to counts in the cardiac blood pool,
lung, and liver were calculated at each imaging time.

RESULTS

Blood clearance curves, for both dogs and humans, are
givenin Fig. I. In dogs, bloodclearance is fast for all three
agents (T112 values of 1.5, 1.5, and 1.0 mm for
[99mTc(TMP)6J +, [99mTc(POM-POM )@J+, and
[99mTc(TBIN)61+,respectively).However,in man the blood
clearance of [99mTc(TMP)61+ and [@mTc(POM@POM)3]+ is
slow (T112values in the range 20-60 mm), while the clearance
of [99mTc(TBIN)6]+is almost as fast as observed in dogs (T112
of I .5 mm). The value of the plasma/RBC ratio remains
constant in both dogs and man after @â€œ-30mm postinjection
(Fig. 2). In dogs, the ratio is 0.8 for all three agents. In man,
the ratio is a factor of ten larger for [@mTc(TMP)6]f and
[99mTc(pOM..POM)3]+,but for [99mTc(TBIN)6]+it isabout
the same (1 .0) as that observed in dogs.

Table 1 summarizes the ratios of counts in the myocardial
wall (a) to counts in the blood pool, (b) to counts in the lung,
and (c) to counts in the liver, for both dog and man, at 10 mm,
60 mm, and 3â€”Shr after injection.

In dogs, uptake ofall three agents in the myocardial wall is
evident at 1 hr after injection. For [99mTc(TMP)61+ and
[99mTc(POM..POM)6J+,there is extensiveuptake in the bill
ary system, while for [99mTc(TBIN)6]+ there is a relatively
high lung background.

Figure 3 showsselectedscintiphotographsobtained in hu
mans at various times after injection. For both
[99mTc(TMP)6J+and [99mTc(pOM..POM)31+the heart wail
is not visualized during the first hour after injection, but is
evident in pictures obtained â€œ-P5hr after injection. For both of
these agents visualization of the myocardial wall is hindered
by (a) high blood-pool activity which is present even after 5
hr, (b) lung activity which only slowly clears during the study,
and (c) liver activity which is initially very high and then
slowly clears through the biliary system. The behavior of
[99mTc(TBIN)6]+ is quite different. This agent rapidly clears
from the blood pool, allowing detection of the heart wall even
a few minutes after injection. However, during this early
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FIGURE2
Plasma to red blood cell ratio vs. time for three cationic

@â€œTccomplexes in dog ( . . . ) and in normal volunteers
(meanÂ±s.d.,l l)atrest

The best myocardialimageswereobtained at the end of the
study, about 3 hr after injection, even though the apex is still
partially obscured by the high activity present in the liver and
spleen.

Figure 4 shows scintiphotographs obtained using
[99mTc(p(JM..pOM)3]+ and [@mTc(TBIN)6]+ in an exercise
study.Exerciseclearlyimprovesthe [@mTc(TBIN)e]+image
in that the myocardial wall is much better defined, but exer
cisc does not appear to significantly affect the [@mTc(POM@
POM)3J@image.
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FIGURE I
Whole-blood time-activity curves (semilog) for
[99m1.O(TMP)61+,[9amTc(POpM@OM)31+and [@â€˜Tc(TBlN)@]@
indog( )andinhumans(meanÂ±s.d.,l I),
normalized to injected dose and sample weight, and cor
reeled for physical decay of isotope

phase the lung activity is particularly high (heart/lung 0.85
Â±0.05 at 10 mm postinjection) and details of the myocardial
structure cannot bediscerned.At 1hr after injectionthe lung
backgroundis decreasedto the point that the myocardiumis
readily visualized (heart/lung 1.58 Â±0. 10), although inter
ference from the liver and spleen still obscures the apical wall.

@3 so@@ T@ -

0. 000

[@â€œTcJTBIN

0.0030

0.0003
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DISCUSSION

The ideal radiotracer for myocardial perfusion imag
ing should have a rapid blood clearance, a prompt and
high uptake in the heart wall, and a favorable target to
nontarget (lung, liver and spleen) uptake ratio. The
search for a 99mTc agent that might exhibit these prop
erties has focused on cationic complexes of Tc(III) and
Tc(I). Before this study, three cationic 99mTccomplex
es had been evaluated as myocardial perfusion imaging
agents in humans: tr@[99mTc(DMPE)2Cl2]+ exhibits
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FIGURE3
Scmntiphotographs (anterior view) of humans (resting studies) obtained at various times during dynamic data collection

myocardial uptake, but high accumulation in the liver
obscures the myocardial apex and prevents acquisition
ofclinically useful images (2); Zr-[99mTc(DEPE)2Cl2]+
does not detectably accumulate in the heart (4);
[99mTc(DMPE)3]+ clears so slowly from the blood that
myocardial images can be obtained only 6â€”10 hr after
injection (3). After this study was completed, a brief
report appeared (10) indicating that [99mTc(TBIN)61+
can provide clinically useful myocardial images.

The results of this study show that in humans,
[99mTcÃ§fMp)6]+ and [99mTc(POM.pOM)3]+ behave
similarly to each other and similarly to
[99mTc(DMPE)3]+Forall threecomplexesmyocardi
al uptake is obscured for several hours by high blood
background, slow lung clearance, and high liver uptake
with subsequent release ofactivity to the biliary system.
Thus, for all three agents, acceptable definition of the
heart wall occurs only several hours after injection. The
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FIGURE4
Anteriormyocardial images acquired duringexercise studies. Image using [@â€˜Tc(POM-POM)@,,]@was acquired 360 mm
after injection,while image using [@â€œTc(TBlN)@]@was acquired 70 mmafter injection

behavior of [99mTc(TBIN)61+ in humans is considera
bly different. This agent rapidly clears from the blood,
allowing identification of the heart wall within a few
minutes after injection. Unfortunately, delineation of
the myocardiai wall is obscured by high and persistent
lung uptake which results in an unsatisfactory heart/
lung ratio for several hours after injection. In addition,
as activity clears from the lung it also accumulates in
the liver and masks the apical wall. These observations
on the behavior of [99mTc(TBIN)o]+ in humans are in
general agreement with those previously reported (10).

The currently available data allow the six cationic
99mTccomplexes that have been evaluated in humans to
be classified into three groups.

1. The Tc(III) complexes tr@[99mTc(DMPE)2Cl2]+
and tr@[99mTc(DEPE)2Cl2]+exhibit very unfavorable
heart/liver ratios, with the latter complex showing no
detectable myocardial uptake (2,4). The tr
[99mTc(DMPE)2Cl2]+ complex gradually washes out
of the heart and accumulates in the liver; exercise
hastens this process and thus detracts from the result
ing myocardial image.

2. ThethreeTc(I) complexes[99mTc(DMPE)3]+,
[99mTc(POM..POM)3]+ and [99mTc(TMP)6]+ all be
have similarly. They clear from the blood very slowly,
but they do not wash out of the heart. Exercise does not
improve the images obtained with [99mTc(DMPE)3]+
or [99mTc(POMPOM)3]+

3. The [99mTc(TBIN)6]+ agent is unique among the
Tc(I) complexes in that it rapidly clears from the blood
into the lung. Slow clearance from the lung into the
liver yields clear myocardial images after about 1 hr.
Again, this Tc(I) complex does not wash out of the
heart. Exercise enhances myocardial uptake and im
proves the ultimate myocardial perfusion image.

Further evidence for placing [99mTc(TBIN)6]+ into

a unique category comes from the study of the four
Tc(I) agents in dogs. A persistent hindrance to the
development of 99mTcmyocardial perfusion imaging
agents has been the fact that animal models are gener
ally not predictive, ofhuman biodistribution (5). In this
study, [99mTc(TMP)6]+ and [99mTc(POM..POM)3]+
behave differently in dogs than in humans; in dogs,
blood clearance is rapid and good myocardial images
can be obtained 1 hr after injection, whereas in humans
the blood clearance is very slow. The same is true for
[99mTc(DMPE)3]+ (3,5). However, the blood clear
ance and biodistribution of [99mTc(TBIN)6]+ in dogs is
very similar to that observed in man. The different
blood clearance rates observed for the Tc(I) complexes
in dogs and humans can be correlated with the blood
binding properties of these agents. Figure 2 shows that
the plasma/RBC ratios observed for [99mTc(POM@
POM)31@ and [99mTc(TMP)61+ are significantly high
er for humans than for dogs, whereas for
[99mTc(TBIN)6]+ the ratios for humans are about as
low as they are for dogs. Thus, the two agents that clear
slowly from the blood of humans also preferentially
bind to the plasma of human blood; these two agents
clear rapidly from the blood of dogs, and also do not
bind tightly to the plasma of dog blood. The
[99mTc(TBIN)o]+ agent clears rapidly from both dog
and human blood, and also shows no preferential bind
ing for the plasma of either of these species. These
observations strongly suggest that it is the differential
binding of the Tc(I) complexes to plasma components
that is the underlying cause for the species dependent
biodistributions of these agents.

This result is not surprising since it has been shown
several times over that the degree of plasma binding of
both cationic and anionic pharmaceuticals is species
dependent. Selected examples include salicylic acid
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(14,15), penicillins (16), sulfonamides (17,18), am
phetarnines (19), propranolol (20), groups of acidic
drugs (21), radioopaque agents (22) and chlorproma
zine (23). Differences in protein binding among species
can be considerable. In the case of salicyclic acid,
50-90% is bound in man, monkey, guinea pig and rab
bit, whereas <20% is bound in a number ofother species
such as baboon, rat and dog. These differences arise
because the nature and concentration of binding pro
teins differ among species (24). The net effect of these
differences is to make it very difficult to extrapolate
pharmacological data from animals to man.

In conclusion, none of the three Tc(I) agents evaluat
ed in this study are suitable for routine clinical use as
myocardial perfusion imaging radiopharmaceuticals.
[99mTc(TBIN)6]+ provides the best myocardial images
observed in humans to date. [99m(TBIN)6]+appears to
be unique among the Tc(I) complexes in that it enjoys
much lower plasma blood binding in humans. Myocar
dial accumulation of the Tc(III) agents appears to
involve a mechanism different from that utilized by the
Tc(I) complexes. Animal studies alone are not ade
quate to evaluate the potential utility of99mTccationic
complexes for myocardial perfusion studies.
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