
(4,6,7). However, the high hepatic uptake of these tracers
made their clinical use questionable (8). Recently, a @Tc
labeled compound without a 2-nitroimidazole moiety, 4,9-
diaza-3,3,10,l0-tetramethyldodecan-2,il-dione dioxime
(HL91), has been developed and shown low hepatic uptake
(9). @â€˜@Tc-HL91has also been shown to detect tumor

hypoxia (10,11). Furthermore, @Tc-HL9i showed in
creased myocardial uptake in hypoxic and low-flow is
chemic models (12â€”14).However, the kinetics have not been
fully investigated, and the mechanism for retention is not clear.

This study characterized the kinetics of 99mTc..}.II@91in
normoxic, hypoxic, ischemic, and stunned myocardium.

MATERIALS AND METHODS

The experimental model has been described (4, 15). Briefly, male
Sprague-Dawleyrats(300â€”600g bodyweight)wereanesthetized
with intraperitonealthiopentalsodium(38 mg/kg) andweregiven
heparin. After rapid excision of the heart, the aorta was cannulated
and retrogradely perfUSedwith a solution ofthe following composi
tion: NaC1, 123 mmol/L; KC1, 5 mmol/L; MgSO4, 1 mmolIL;
N-2-hydroxyethylpiperazine-N-2-ethanesulfonicacid, 5 mmol/L;
CaCl2, 1.5 mmol/L; sodium acetate, 5 mmol/L; and glucose, 6
mmol/L. The pH was adjustedto 7.4 at 37Â°Cwith NaOH, and
100%02 @Sbubbledthrough the solution. The heart rate was
maintainedat 300bpmby right ventricularpacing.A latexballoon
tied to the end of a polyethylene tube was passed into the left
ventricle through the mitral valve and connected to a pressure
transducer.The coronaryflow rate wascontrolledby a peristaltic
pump and kept constant (10 mLlmin) throughout the experiment
except during global ischemia. The research protocol was approved

by theAnimal CareandUseCommitteeof the institution (Nihon
Medi-PhysicsCo.,Ltd.),andanimalexperimentswereperformed
accordingto theguidelinesof theAmericanPhysiologicalSociety.

Measurement of Myocardlal Radioactivity
The measurement of myocardial time and activity has been

described(4). Briefly, after stabilization,the heartswere set in a
glasschamber. @â€œFc-HL9l(NycomedAmersham,Buckingham
shire, UK), 111 MBq/mL, was injected during 4 s through the
tubing into theaortic root of theperfusedhearts.The timeâ€”activity
curveof @â€œ@Tc-HL9luptakein themyocardiumwasmeasuredwith
a 2.54 X 2.54 cm (I-in. X 1-in.) NaI(T1) scintillation detector
(Steffi; Raytest, Straubenhardt, Germany) positioned 2 cm from the

@9â€•Tc-4,9-diaza-3,3,i0,10-tetramethyIdodecan-2,ii-dione diox
ime (HL91) was developed as a putative hypoxic reagent.This
studyfocusedon the myocardialkineticsof@Tc-HL9i invarious
oxygen levels and perfusionstates. Methods: The timeâ€”activity
curveof @Tc-HL91was measuredin isolatedperfusedrat heart
after the bolus infusion.Results: @Tc-HL91wasclearedquickly
from normoxichearts,and retentionat 30 mmafter injectionwas
0.18 Â±0.02 percentage injected dose per gram of wet weight
(mean Â±SE; n = 6). Whenthe concentrationof oxygenbubbling
throughthe perfusatewas reducedfrom 100%to 50%,20%,5%,
and 0%, retention of @Tc-HL91increased to 0.47 Â±0.03
(n = 5), 0.48 Â±0.03 (n = 5),0.7i Â±0.01 (n = 5), and0.70 Â±0.02
(n = 5), respectively(P < 0.05).Compartmentanalysisrevealed
that the trapping mechanism,which was dependent on tissue
oxygen concentration, determined the retention rate. Although
not retainedin stunnedmyocardium(0.17 Â±0.02, n = 5; P = not
significant), @â€œTc-HL9iwas significantlyretainedwhen injected
before ischemia (1.06 Â±0.06, n = 5; P < 0.05). ConclusIon:
These results indicate that retention of @â€œTc-HL9icorrelates
wellwithoxygenlevelintheperfusate,suggestingthattheagent
maybe a usefulmarkerofthe severityof myocardialhypoxia.
Key Words: radioisotopes;hypoxia; ischemia; myocardial
stunning

J NucIMed2000;41:1102â€”1107

ecreased tissue oxygen concentration is a component
of manydiseases,andmyocardialhypoxiaisoftenobserved
in persistent low-flow states, such as hibernating myo
cardium. Detection of hypoxic tissue provides important
information for subsequent clinical intervention. Several
compounds, including â€˜SF-labeledmisomdazole (1,2), iodovi
nylmisonidazole (3), and @Tc-labelednitroimidazole (4,5),
havebeendevelopedasputativehypoxicreagents.We and
others have reported that a @Tc-labelednitroimidazole is
selectively trapped in hypoxic but viable myocardium, and
the possibility of imaging hypoxic tissues has been proposed
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heartandfittedwith an8-mm-thickleadcollimatorthatwas6 cmin
length. Counting rate data were recorded using a D-2500 Chromato
Integrator (Hitachi, Tokyo, Japan). The effluent from the heart was
not recirculated.At the end of eachexperiment,the radioactive
contents of the heart and perfusate collected from the effluent were
measuredby a single-channel analyzer with a 5.08 X 5.08 cm (2-
in. X 2-in.) NaI(T1) scintillator (Ohyo Koken Kogyo, Tokyo,
Japan); the uptake ratio of an agent by the heart was expressed as
percentageinjected dose(%ID). @â€œTc-HL9lwas preparedfrom
thekit asindicated.The radiochemicalpurity wasdetermined(16)
and was always greater than 95% before use.

ExperimentalProtocols
After stabilizationof the preparation,the following protocols

wereperformed(Fig. 1).
Normoxic Protocol. After 30 mm of perfusion, @mTc@HL91was

injectedinto the heartduring normoxic perfusion.The activity in
themyocardiumwasmeasuredfor 30mmaftertheinjection.These
data served as the normoxic control.

Hypoxic Protocol. After 30 mm of stabilization, the oxygen
concentrationbubbling through the perfusatewas switchedfrom
100% to 0%, 5%, 20%, or 50%. Hearts reached a new steady state
within 10 mm after switching of the perfusate. Ten minutes after
the switching, @â€œTc-HL91was injected. Changein developed
pressurewasmeasured20mm afterinjection.

Ischemia and Stunning Protocols. After 30 mm of stabilization,
theheartsweresubjectedto 15mmof globalischemiaat37Â°Cand
reperfused.Togenerateglobalischemia,thepumpwasstoppedand
the perfusion line was cross-clamped. @Tc-HL91was injected
before or after the ischemia. Contractile function was measured 20
mm after the reperfusion.

In the protocol for stunned myocardium, @Tc-HL91was
injected 30 5 after the reperfusion. In the ischemic protocol,

@â€œ@Tc-HL91wasinjected30 sbeforeglobal ischemia.The activity
of theheartswasmeasuredfrom theonsetof ischemiato theendof
theexperiments.

CompartmentAnalysis
A 3-compartmentmodel(Fig. 2) wasusedto analyzethedatain

normoxic and hypoxic experiments.Compartments1, 2, and 3

representtheextracellularspace,thespaceof intracellularandfree
@â€œTc-FIL91,and the space of @Tc-HL9l trapped in myocytes,

respectively.Q,, Q2, and Q@representthe radioactivity of each
compartment.The rate constant,k(i,j), indicatesthe radioactivity
from compartmentj to compartmenti (per minute). The rate
constants were determined by fitting the timeâ€”activitycurve in
eachexperimenttothetheoreticequation(17).

Statistical Analysis
Data are presented as the mean Â±SE. Statistical analysis was

performedusingthepairedandunpairedt testor ANOVA with the
ScheffÃ©test where appropriate. P < 0.05 for the null hypothesis
wasconsideredsignificant.

RESULTS

Kinetics of @â€œTc-HL91in Normoxic Hearts
Left ventricular developed pressure in the normoxic

control group was not changed throughout the experiments
(Fig. 3). Figure 4A shows the timeâ€”activity curve of

@â€œ@Tc-HL91in normoxic hearts. The counts in the myocar
dium were normalized to the maximum value at 0.1 mm
after the injection. @Tc-HL91was quickly washed out, and
the retention in the myocardium at 30 mm after the injection
was 0.18 Â±0.02 %ID/g ofwet weight (n = 6; Fig. 5).

Kinetics of @Tc-HL91In Hypoxic Hearts
When a perfusate was switched to a hypoxic perfusate, the

heart rapidly reduced its contractility and reached a new
steady state (P < 0.05; Fig. 3). Figure 4B shows the
timeâ€”activitycurve of @Tc-HL91in hypoxic myocardium.
Retention at 30 mm after injection was 0.70 Â±0.02 (n 5),
0.71 Â±0.01 (n = 5), 0.48 Â±0.03 (n 5), and 0.47 Â±0.03
(n = 5) %ID/g of wet weight in the hypoxic myocardium
perfused with 0%, 5%, 20%, and 50% oxygen levels,
respectively. Retention was higher in all hypoxic hearts than
in normoxic control hearts (P < 0.001; Fig. 5). Furthermore,
retention was inversely related to the level of oxygen
buffering the perfusate (r â€”0.94,P < 0.0001; Fig. 6).

Kinetics of @â€œTc-HL91In lschemlc and Stunned
Myocardlum

In stunned myocardium, the recovery of developed pres
sure was not complete (Fig. 3). Figures 4C and D show
timeâ€”activitycurves of @â€˜@Tc-HL91in hearts briefly sub
jected to ischemia and reperfused (stunned myocardium).
When injected before ischemia, @Tc-HL91was trapped
during ischemia, and washout after the reperfusion was
lower than with other protocols (Fig. 4C). Retention was
higher (1.06 Â±0.06 %ID/g of wet weight, m= 5) compared
with normoxic control hearts (P < 0.001). In contrast, the
behavior of 99mTc}fl@91in stunned myocardium was similar
to that in the control hearts (Fig. 4D). Retention in stunned
myocardium was 0.17 Â±0.02 %ID/g of wet weight (n 5)
and was not differentfrom that in controlmyocardium
(Fig. 5).

A: Normoxic protocol

\1/
30mm

B: Hypoxicprotocol

-10 30mm

C: Ischemic protocol ___________________

I l00%O@@ I 100%O,
l5@

I l00%O,
45 mm

30mm

-30 -0.5 0

D:Stunningprotocol

I l00%O@
-45.5 -15.5 -0.5 0

FIGURE1. Experimentalprotocols.Arrowindicatesinjectionof
@Tc-HL91. (A) Normoxic perfusion. (B) injection 10 mm after

switching to hypoxia. (C) Injection30 s before global ischemia.
(D) injection 30 s after start of reperfusion after 15-mm global
ischemia(stunnedheart).
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FIGURE 2. Three-compartmentmodel
used for analysis of Â°@â€œTc-HL91kinetics.
Compartment 1 represents extracellular
space.Compartment2 representsspace
for intracellular and free Â°@Tc-HL91, and
compartment3 representsspace for Â°@â€œTc
HL9I trapped in myocytes. k and Q repre
sent rate constantand actMty, respectively.

Rate Constants for the Kinetics In Hypoxic Hearts
The initial compartment analysis revealed that k(2,3) was

smallerthank(3,2) anddid notdifferaccordingto oxygen
levels (r = â€”0.07,P 0.74). At 100% 02, k(2,3) 0.01 Â±
0.001/mn and k(3,2) = 0.05 Â±0.01/mn (P < 0.0001); at
50% 02, k(2,3) = 0.01 Â±0.001/mn and k(3,2) = 0.10 Â±
0.01/mn (P < 0.0001); at 20% 02, k(2,3) 0.01 Â±0.002/
mm and k(3,2) = 0.12 Â±0.01/mn (P < 0.0001); and at 5%
02,k(2,3)= 0.01Â±0.002/mnand k(3,2)= 0.16Â±
0.01/mn (P < 0.0001). Thus, k(2,3) was fixed to zero, and
we analyzed the kinetics using the model assuming irrevers
ible trapping of @â€˜Â°Tc-HL9l.

Table1 summarizestherateconstantsobtainedfromthe
kineticsin hypoxichearts.Thevaluesof k(0,l), k(1,2),and
k(2,1) were not significantly different among the oxygen
levels. In contrast, k(3,2) was inversely related to the oxygen
concentration (r = â€”0.77,P < 0.0001). This result suggests
thatthekineticsof @Â°@Tc-HL91areinfluencedmainlybythe
trapping rate of@Tc-HL91 by myocytes.

â€˜it

FIGURE3. Changesindevelopedpressureineachexperimen
tal protocol. Percentagechange in developed pressure 20 mm
after injection of @â€œTc-HL91was normalized by each control
value.Developedpressurewasdefinedasdifferencebetween
left ventricular peak pressure and end-diastolicpressure.@
0.01versuscontrol.tP < 0.05versuscontrol.NC = normoxic
control;S = stunnedhearts.

DISCUSSION

We and others have shown that @Tc-HL9l can detect

myocardial ischemia or viability in in vivo experiments

(12â€”14,18).Okada et al. (19) showed that @â€˜Â°Tc-HL9lis not
taken up or retained in nonviable and irreversibly injured
myocardium. The possibility to estimate myocardial viabil
ity has been expected. However, the detailed kinetics of
99mTc..}IJ@91in graded hypoxic or stunned myocardium are
still unclear. In this study, we analyzed retention kinetics by
applying a bolus infusion rather than a steady-state infusion
because the bolus was suitable for separating the wash-in
andwashoutpartsfrommyocardialuptake.Ourfindingthat
retention of @Tc-HL9lwas higher in hypoxic hearts is
consistent with the findings of Okada et al. (12,19) and are
inversely related to the level of oxygen bubbling through the
perfusate. These results indicate that @Tc-HL9l can be
used to measurehypoxic levels in myocardium.

In contrast to most other putative hypoxic tissue imaging
agents, @Tc-HL91does not have a nitroimidazole function
ality. We previously compared the kinetics of BMS 181321
(@Tc-nitroimidazole) with hexamethyl propyleneamine ox
ime (HMPAO) and PAO-6-Me (a non-nitroimidazole analog
of BMS181321) (4). Retention of thesetracers was higher in
hypoxic myocardium than in normoxic control myocardium,
andthekineticsweresimilar.The retentionof @Tc-HL9l
was about 10 times smaller than that of BMS181321 and
HMPAO (4). However, the hypoxic-to-normal ratio of the

myocardial radioactivity at 0% oxygen was similar between

99mTc..}@91(3.64) and BMS181321 (4.32) and was higher
thanthatofHMPAO (4).The @â€˜@Tc-HL91retentionkinetics,
which were inversely related to the level of oxygen bubbling
through the perfusate, were similar to those of BMS181321
(5,20), although tissue oxygen concentration was not
measured because no method has been established for
this whole-heart preparation. In stunned myocardium,
myocardial necrosis or exacerbated energy metabolism
are not observed (21,22). Thus, the similarity in kinetics
between stunnedhearts and normoxic control hearts
when @Tc-HL91was injected after reperfusion is not
surprising.

In contrast, retention in ischemic hearts was higher than
that in normoxiccontrolheartswhen @Tc-HL91was
injected before ischemia. These kinetics were similar to
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FIGURE 4. Time-activitycurvesof @mTc-HL91for normoxichearts(A), hypoxichearts(B), ischemichearts(C), and stunned
myocardium(D). Â°@Tc-HL91was injectedafter reperfusion.Radioactivitieswere normalizedby individualpeak values, and values
representmean Â±SE.

those of BMS181321. The washout kinetics of @Tc-HL91
and BMS 181321 after reperfusion were also similar. In
contrast, HMPAO showed elevated myocardial radioactivity
after reperfusion because HMPAO was metabolized during
ischemia (23). Although the retention kinetics ofBMS181321
and @â€œ@Tc-HL91were similar, the difference between
BMS181321 and PAO-6-Me indicates that the retention
mechanism of BMS181321 was determined mainly by
nitroimidazole metabolism (4,24). In this study, we analyzed

the kinetics of 99mTc.@}{[@91using the 3-compartment model;
the results suggested the existence of an intracellular trap
ping mechanism dependent on the level of oxygen bubbling
through the perfusate, although @Tc-HL91does not have
nitroimidazole functionality. The kinetic analysis suggests
that the trapping of @â€˜@Tc-HL91dependent on tissue oxygen
concentration may be mediated by a mechanism other than
metabolism, although no additional data support this hypoth
esis. Because the existence of chemically equivalent states
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Rateconstant(perminute)State

k(0,l) k(1,2)k(2,1)k(3,2)Normoxiccontrol

8.47Â±0.81 0.55 Â±0.01 0.33Â±0.030.04 Â±0.004Hypoxic50%

5.72Â±0.38 0.60Â±0.04 0.44Â±0.110.07 Â±0.01@t20%
7.33Â±0.65 0.41 Â±0.04 0.44Â±0.030.06 Â±0.Olt5%
6.03 Â±0.70 0.51 Â±0.07 0.39 Â±0.050.09 Â±0.0l@0%
6.76 Â±0.65 0.42 Â±0.08 0.33 Â±0.050.12 Â±0.01k*P

< 0.05vs.normoxiccontrol.
tP < 0.05 vs. hypoxia with 0% oxygen concentration.

TABLE 1
Rate Constants in Different Hypoxic StatesI .2 *

I .0

-C
0) 0.8@ *t@ *t:@

@0.6 *t 0 0

0.0 fl 1@@

cD 0.4

0.2

NC 50% 20% 5% 0% I S

Hypoxia

FIGURE5. Myocardialretentionof @Tc-HL9lat endof each
experiment. *@O< ooo@ versus normoxic control. tP < 0.05
versus ischemia. 4P < 0.05 versus hypoxia with 50% oxygen
concentration. NC = normoxic control; I = injection of 99mTc.
HL9I before ischemia; S = injection of @Tc-HL91after reper
fusion.

of@Tc-HL91, i.e., lipophilic and hydrophilic (25), has been
reported, functional alterations may contribute to the trap
ping mechanism. Further study is required to identify the
trapping mechanism.

FIGURE6. Relationshipbetweenmyocardialretentionof@Tc
HL91 and level of oxygen bubbling through perfusate. Mean
value in each group was 0.18 for 100% (n = 6), 0.48 for 50%
(n = 5), 0.47for 20% (n = 5), 0.71 for 5% (n = 5), and 0.70for 0%
(n=5).
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CONCLUSION

Our results indicate that, at 30 mm after injection,
@Â°â€˜Tc-HL91shows significantly higher retention in hypoxic

myocardium than in control myocardium. Furthermore,
retention of @Tc-HL91is inversely related to the level of
oxygen bubbling through the perfusate, suggesting that
99mTc4ff,91 can measure the severity of hypoxia. Compart
ment analysis suggests that the kinetics are influenced
mainly by the trapping rate of @mTc@HL91by myocytes.
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