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Ruohne-i8-fluoromaonidazole

(FMISO) is trapped

in hypoxio

myocardium. The underlying metabolic abnormalities re
sponsible for hibernatingmyocardiumare unknown. There
has not been direct evidence that human myocardiumcan

but viable canine myocardium.Because of the potentialfor its
use as a marker of myocerd@v@lfty, we compared FMISO remain in a hypoxic state chronically. Furthermore,
the
activityto [18flfl@ygl@j@@
(FDG) activityin the same concept of hibernatingmyocardium has been questioned
myocard@samples from eight dogs subjected to 3 hr of mod recently (7). A method for direct in vivo identificationof
erate regional myocardial ischema

Methods: Tritiated FMISO

was injected 15-30 mm after onset of regionalischemia (40%70% reductionin sysdic wallthickening)wt*h was maintained
for 3 hr. FDG was injected after 2 hr of ischemia. Myocardial
blood flow (MBF)was measured by the radiolabeled micro
sphere technique atthe timeof eai@hradiotracerinjection.At3 hr
of ischemia,the heartwas excisedandcutintoshort-wdsslices.
One slice encompassing both ischemicand normaltissue was
cut into 64 samples. FMISOand FDG actMty in each sample
were normalized to the mean normal zone activity and further
expressed

as a function of regional MBF. Results:

FMISO up

take was consistendy greater than FDG uptake, although this
was significantlydifferentonlyfor MBF,between 40%-60% of
normal. When analyzed relativeto endOcardiaJ-epicardialloca
lion, endocardial FMISOuptake was significantlygreater in all
hypoperfusedsamples. Conclusion: These results suggest that
FMISOis as sensitiveas FDGfordetectingmyocardialischemia
and could be used for identificationof viable myocardium.
Key Words: myocardial viability;fluodne-l84luorodeoxyglu
cose; myocardialbloodflow;fldne-18-fluoromisonidazde
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hypoxic myocardium would enable us to address this issue.
Strategies for detecting viable myocardium based on the

reversibility of stress perfusion defects using @Â°â€˜Tl
(8) or
increased [â€˜8F]FDG
uptake relative to myocardial blood
flow (FDG/flow mismatch) (3,4) have shown promise but
are not entirely satisfactory. Both methods have positive
predictive values of 75%â€”85%
with similar negative pre
dictive values (8). Tamaki and et al. (4) found that 20%of
segments preoperativelypredictedto be scar by PET FDG/
flow matching demonstrated improved function postoper
atively. Furthermore, of the hypoperfused segments that
demonstrated FDG uptake preoperatively, 24%continued
to have FDG uptake postoperatively in spite of patent
saphenous vein grafts. Technical considerations in relating

ventricular function studies to PET images might account
for some of the discrepancies. It is also possible, however,
that the FDG method is not sensitive to the level of myo
cardialischemia/hypoxiapresent in these cases, or that the
methods of analysis used were suboptimal. Neither Tillisch
et al. (3) nor Tamaki (4) quantitatedFDG uptake or flow.
Furthermore, the FDG method is sensitive to plasma glu
cose levels. Prellwitz et al. (9) suggested that diabetic pa
tients are more likely to have a suboptimal study than

everal studies indicate thatchronic left ventricularwall
motion abnormalitiesmay be reversed by coronary revas nondiabetic patients, unless careful attention is paid to the
cularization (1â€”3).Recent data (4) suggest that 30%â€”50% patients' metabolic state at the time of the PET study.
of dysfunctional myocardial segments are potentially via
We, and others, have demonstrated that the 2-nitroimi
ble. From these observations, the concept of persistent dazole, fluoromisonidazole (FMISO), is selectively
ischemia as a basis for chronic regional dysfunction has trapped in hypoxic myocardium (10â€”14).
Following intra
emerged (5,6). This concept has been termed hibernating venous injection, FMISO is initiallydistributedthroughout
myocardium and has prompted the search for noninvasive the total body water space, with subsequent clearance
methods for detecting chronically hypoperfused but viable from the normal myocardium directly as a function of
plasma clearance (10). Because its retention is dependent
on
active electron transportenzymes, it is not trapped in
ReceivedJune 17, 1994;revisionacceptedApr.12, 1995.
For correspondenceor reprintscont@ James H. Caldwel,MD,Divisionof necrotic tissue (14). When labeled with the positron emit
Card@ogy(ill-C), Departmentof VeteransAffalrsMe@calCenter,1660S. Co.
lumblanWay,Seattle,WA98108.
ter, â€˜8F,
the trapped FMISO can be imaged with PET and
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representabon
ofthestudyprotocol.
its uptake occurs in myocardial

regions with reversible

dysfunction (12,13).
Because the uptake and retention mechanisms of
FMISO and FDG differ, we postulated that importantdif
ferences might exist in the relative sensitivities of the two
agents for the detection of myocardial ischemia. The pur
pose of this study was to compare the trapping of FMISO

to FDG uptake in an animal model of moderate ischemia
not associated with infarction. This model demonstrates
immediately

reversible

regional dysfunction

following

reperfusion (12).

and microspheres were injected. Over the next 15â€”30
mm, how
ever, wall functionreturnedto control values despite of complete
occlusion of the LAD coronaryartery. Presumably,this occurred
as collateral vessels opened. Two hours after the initial micro
sphere injection, a second microspherewas injected for measure
ment of regionalmyocardialblood flow. This was followed by an
injection of 2â€”4
mCi of [â€˜8FJFDG
intravenously over a 1-mm
period. The reduced level of wall thickening was maintained for
an additionalhour, at which time the animalwas euthanizedby a
overdose of potassium chloride.
The heartwas rapidlyexcised, rinsed free of blood and the left
ventricular cavity was filled with an expandable polyurethane
foam which rapidly hardened to maintain its shape. A 1.5-cm thick

slice was cut perpendicular to the long-axis of the heart and
encompassing the sites of both echo crystals. This slice was then
cut into 16equal radialsectors and each of these sectors was then
cut into four epicardialto endocardialsamples for weighing and
counting. The average weight for 576 samples was 0.55 Â±0.22 g.

Data AnalysIs
RRinterval,systolicbloodpressureandsystolicwallthicken

METhODS

ingwere measuredfromthe calibratedstripchartrecordings.The
peak of the R wave was used to define end-diastole and end
systole at the time of the aortic pressure diacroticnotch. Systolic

Animal Surgery and Instrumentation

wallthickeningwas calculatedby determining
theabsolutethick

After a 12-hr fast, nine mongrel dogs (20â€”35kg) were initially
anesthetized with thiamyl sodium (15 mg/kg), intubated, mechan

ically ventilated to maintainarterialblood gases within a physio

ening differencebetween end-diastole and end-systole and divid
ing that difference by the end-diastolic thickness. Five consecu
tive beats were averaged at each time point for wall thickening,

logic level and maintained on halothane as an anesthetic agent.

heart rate and blood pressure determinations. Percent systolic

a left atrial line and a mechanical or hydraulic occluder on the

the baseline value and expressed as a percentage of baseline.
The tissue samples were initiallycounted in a gamma counter

Througha leftthoracotomy,the animalswereinstrumented
with wall thickeningat each time pointwas subsequentlyreferencedto
midportionof the leftanteriordescendingcoronaryartery(LAD).
Doppler crystals were sutured to the epicardiumin the distribu
tion of the LAD and circumflex coronaries for measurement of
systolic wall thickening (15).

with a 3-inch Na! crystal, along with standards for each of the
microspheres and â€˜8F.
After the â€˜8F
had decayed for 10 half

lives, the sampleswere recounted for gamma activity from the
microspheres. All counts were corrected for spillover using a

ExperImental Protocol

matrix inversion technique (18). To accurately count tritium, it

After hemodynamic stabilization(15â€”30
mm), wall thickening,
heart rate and systolic blood pressure were recorded. To stan
dardize the recording of ventricular function and eliminate the
effect of respiratoryvariation, the stripchartrecorderwas started
every 15 mm by a timer to run at 100 mm/sec. As soon as the

was necessary to separate the microspheresfrom the tissue sam
ples. To accomplishthis separation,tissue samples were frozen at
â€”70Â°C
and crushed with an aluminum mortar and stainless steel

pestle chilled to â€”70Â°C.
Aliquots (30â€”40mg) were placed in
chilled, preweighedmicrofugetubes and reweighed. The samples

recorderhad started, the respiratorwas stoppedat end expiration were homogenizedin distilledwaterat 1:2(w/v),microfugedfor
and 10â€”12
cardiac cycles were recorded and the respirator re
started. The fifth beat after the respirator stopped was used as the
starting

point to determine

EKG RR interval,

systolic

blood pres

10 mm and 0.5 ml of their supernatantwas transferredto scintil
lationvials. One milliliterof Soluene 350 (Packard)was added to
each vial and the vials were vortexed and allowed to stand for 30
mm.

sure and wall thickness. Heparin(2000â€”3000
units) was adminis
Hydrogen peroxide (0.05 ml 30%) was added to each vial and
tered intravenouslyand the coronaiy occluder was then adjusted
so as to reduce anteriorwall thickeningby approximately40%â€” the vials swirled and allowed to stand for 24 hr. Hionic-fluor

70%.Theprotocolis summarized
in Figure1. Plasmaglucose scintillation cocktail (Packard) was added to each of the vials
beforetheywerecountedforgammaradioactivity(PackardAu

determinations were made during the control period and at hourly

intervalsduringthe ischemic period. After stabilizationof reduced
wall thickening(15â€”30
mm), 2â€”4
x 10@radiolabeledmicrospheres

togamma) and beta decay (Packard 1600TR) because leaching of
radioisotope from the microspheres interfered in tritium counting.

(15p.mdiameter
labeledwithâ€˜
â€˜3Sn
or â€˜Â°3Ru)
wereinjectedinto This microspherespilloverinto the liquidscintillationspectrum
was determinedby back calculatingthe contributionof each
gammaradionuclideto eachof the beta regions.A set of efficiency

the left atrium,along with simultaneouswithdrawalof blood from
the ascending aorta, for 1 mm to measure regional myocardial
blood flow (16). This was followed by an intravenous injection of

standards was prepared for â€œ3Sn
and â€˜Â°3Ru
using Soluene 350

tritiatedFMISO(approximately0.01mCi/kganimalweight)(17). treated blood as a quenching agent. These efficiency standards
In seven of the nineanimals,wall thickeningwas maintained werecountedin the sameliquidscintillationcounterandan effi
ciencycurvewas calculatedfor each of the gammaradionuclides
within the 40%â€”70%
reduction range for 2 hr by occasional ad
justment of the occluder. In two animals, there was a decrease in
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in three beta windows. The quantity of each of the gamma
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radionuclides in each sample was measured with the gamma

TABLE I

Ph@ogic

counterandthenthecontributionof eachof thegammaradionu
clides to each of the beta regions was calculated using the effi

ciency curves describedabove. Those contributionswere sub

ParameterControlIschemlaHeart

tracted from the counts in the correspondingbeta regions. The

.9Systolic
rate (bpm)101

quantity

.6 Â±13.196.3
9â€¢3*Systolic
blood pressure (mmHg)101
thickeningLAD(%ofcontrol)â€”65.3Â±20.1Circumflex
wall

Â±

(% of control)â€”82.8
l9.l@PlasmaGkicose(mgfcl)64Â±1468Â±11*p

Â±

of each

of the beta

radionuclides

in each

sample

was

calculated from the remainingbeta spectrum and the beta radio
nuclide efficiency curves for each of those regions.

Microsphereactivitywas converted to myocardialblood flow
@

Measures

.6 Â±12.497.9

Â±II

(ml min â€˜g 1) using the standard reference organ technique

(16).Fluorine-18-FDG
and3H-FMISOactivitywere expressedas
counts per minute per gram and disintegrations

per minute per

control.tp
< 0.05vs.
0.05

gram, respectively, in each of the tissue samples.

vs.

LAD.

To facilitatecomparisonbetweenthe animals,flow, FMISO
and FDGvalues in each samplewere normalizedas a decimal
fraction of the mean @â€˜normal
myocardialâ€•
activity for each ani

myocardialblood flow ranges were compared using analysis of
mal.Averagenormalzonebloodflowwascalculatedbyaveraging variance.
the respective values for the two separate microsphereinjections

from 12 myocardialtissue sampleslocatedin the centerof the
anatomicallynormalzone. â€œNormalâ€•
FMISOandFDGactivity RESULTS
was calculatedby averagingthe activityin eachof the same 12
Control heart rate, systolic blood pressure, systolic wall
samplesusedforthe normalbloodflowdetermination.
To exam thickening and plasma glucose levels are shown in Table 1
inc the effect ofendocardial or epicardiallocationon the uptakeof along with the average values for the ischemic period.
thetwocompounds,thesampleweightsandactivitiesforthetwo
The difference between LAD and circumflexwall thick
innermost and outermost samples from each sector were added ening is at the limits of statistical significance (p = 0.05,
together and averaged; the data were expressed as above.
Table 1). The lack of a largerdifference is likely due to two
Intheclinicalsetting,absoluteFDGactivitymaybelowerinan
ischemic but viable myocardial region than in a normal region in

the same heart. The activity may be relatively greater, however,

animals (as noted in the Methods section) in which there

was an initial reduction in wall thickening in the ischemic

thanthecorrespondingflowto thatregion.Inthe normalregion, (LAD) region, however, thickening returned to control
FDG and flow will be balanced. To achieve the greatest sensitivity levels with time, despite complete occlusion of the coro
and specificity for identificationof viable myocardiumin human nary artery. Presumably, this occurred because of the
studies, regional PET FDG activity is frequentlyexpressed as a
ratioto the FDG in a known normalregionor to a normalfile and

opening

of collaterals.

Uptake of FMISO and FDG for all of the samples (n =

thenthisratiocomparedto thecorresponding
regionalmyocardial 576) normalizedonly to their respectivevalue in the normal
blood flow [either in absolute terms or normalizedto a normal region is shown as a function of the normalized myocardial
region or to a normal file (19,20)]. To express our results in a blood flow in Figure 2. The greater FMISO activity in the
comparable manner, we divided the normalized FDG activity in

each piece by its correspondingabsoluteflow and plottedthe
results as a function of the normalized (ischemic-to-normal ratio)
myocardial blood flow. For comparison, the FMISO data have
also been expressed in the same manner, although this could

potentiallyintroduceapparentFMISOuptakein normalregions.
This artifactoccurs because FMISO concentrationin normaltis

sue at late times (more than 1 hr) is drivenby the partition
coefficient of FMISO, resulting in relatively low concentration

andvery littlevariation(approximately
20%)comparedwiththe
approximatelyfivefoldheterogeneityin myocardialblood flowin
normal myocardium (21). This would result in a fivefold range of

I
.@

FMISO-to-flowratios.
Statistical AnalysIs
Differencesbetweencontrolhemodynamicandplasmaglucose
levels andthe averagefor the ischemicperiodforeachof these
variables were compared using a paired t-test (two-tailed). Sys

0

tolicwallthickeningduringischemiaas a percentof controlwas
compared

0.2

0.4

0.6

0.8

I

1.2

1.4

Normalized Flow

between the LAD and circumflex regions using the

WilcoxonSigned-Rank
test. Becauseof thesmallnumberof sam

FIGURE 2. The indMdualdata pointsfor FMISOand FDGIn
Agure 2 have been grouped accordingto myocardialt@oodflow
flow from zero to maximalflow for the comparisonbetween intervalsof 0.20 units. The statisticalcomparisonsare between
ples with low flow, the data were groupedfor each 0.2 intervalin
FMISO and FDG uptake. FMISO and FDG activity in each of the

FMISOand FDG for a given flow interval.
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FiGURE3. FMISOandFOGuptakein576 myocardial
samples
normalizedto the acdvityin 12samplestakenfromthe centerofthe
anatomically normal zone. Uptake is plotted as a function of myo
cardial blood flow in the same samples normalized to the average

FDG41492

NormalIzed Flow

FiGURE5. FMISOandFOGactMtyina singleexperiment.
Th
sue actMtyineachsamplehasbeennormalized
tothecorrespond
ing absolute myocardlal I@oodflow in each sample. This method is

flow in the same 12 normal samples.

the same as that used for dinical FDG via@kty studies.

low flow regions relative to the FDG uptake is apparent.
Figure 3 shows the normalized FMISO activity and FDG This is shown for a single animal in Figure 5 and for all
uptake grouped according to increments in myocardial animals in Figure 6. There was a trend for the FMISO
uptake to be greater than FDG, but this was statistically
blood flow. Again, the greater FMISO uptake is apparent,
although this was significantly different from FDG only for significant only for one range of flows (0.4â€”0.6)(Fig. 6).
When the data were examined in terms of endocardial
the 0.4â€”0.6flow range. The relationshipbetween normal
versus
the epicardialhalf of the myocardialwall, we found
ized FMISO and FDG uptake in the same samples at three
the
same
increased uptake of both tracers with decreasing
levels of myocardial blood flow is shown in Figure 4. As
flow.
Uptake
of both compounds, however, was higher in
shown, in the most ischemic regions (normalized MBF <
those
samples
lying within the endocardialhalf, suggesting
0.5), the uptake of FMISO was greaterthan FDG uptake in
the
ischemic
insult
was greater in the endocardium.
14 of 16 samples. Mean FMISO uptake in these 16 samples
was 2.52 Â±1.01 compared to 1.52 Â±0.82 for FDG (p <
DISCUSSION
0.002).
When normalized FMISO and FDG uptake in each sam
Following injection, FMISO is initially distributed
plc were expressed as ratios to the correspondingabsolute throughout the total body water space, with subsequent
flow, in the manner frequently used for analysis of clinical clearance from the normalmyocardiumdirectly as a func
FDG-PET images, uptake increased as flow decreased. tion of plasma clearance (10). Because its retention is de

Comparison of FMISOto FDG in Same Sample
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FiGURE 6. Row-normalizedFMISOand FDG activityas de

FiGURE4. NOrmalIzed
FMISOand FDGuptakein the same

scribed for Figure 5 for all 576 tissue samples are expressed

sample are compared for all samples whose normalized myocardial
bloodflow (MBF)was withinthe indicatedranges.

termsof 0.20 intervalsofflow.Statisticalcomparisonsare between
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FMISOand FDGfora given flow interval.
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pendent on active electron transport enzymes, it is selec

tively trapped in hypoxic myocardium (10â€”14)
but not in
necrotic tissue (14). Thus, the increased FMISO uptake in
areas of moderate myocardial ischemia observed in this
study is consistent with previous work by our group and

others (12,13). The finding of most interest is the trend
toward greater uptake of FMISO than FDG. This suggests
that FMISO might be an alternative to FDC for determin

ing myocardial viability. FMISO may be particularlyad
vantageous in patients with diabetes in whom FDG images
tend to be of poorer quality (9).
Another potential advantage of FMISO over FDG to
identify chronically ischemic myocardium is that FMISO
uptake, expressed in absolute terms, is elevated even in

the other side of the ischemia issue, there was an insignif
icant decrease in blood pressure with a constant heart rate

over this time which would reduce myocardialwork, thus
potentiallydecreasingischemia and lessening FDG uptake.
This could also reduce FMISO uptake.

FDG uptake may have been underestimated because of
a potential inhibitionof glucose uptake througha heparin
induced release of lipoprotein lipase, with subsequent in
crease in the plasma free fatty acids. Nuutila et al. (22)
recently reported that a 20-fold increase in plasma fatty
acids produced by an infusion of heparin (3000 IU infused

over 3.5 hr) and Intralipid(200 ml of 20%)resulted in only
a 30% decrease in myocardial glucose uptake as measured

by PET. It seems unlikely that heparin alone, as used in
areas of very low flow, whereas absolute FDG uptake is our study (2000â€”3000
IU given 2 hr before the FDG
not. In practical terms, this suggests that FMISO imaging injection),would increase free fatty acids to the level noted
studies may not require a separate flow study, as is rou above. We did not, however, measure plasma fatty acid
tinely done for FDG to identify areas of FDG flow mis
levels and thus cannot exclude the possibility that FDG
match (19,20) or to derive quantitative estimates of glucose
uptake was artificially depressed relative to what would
utilization (7).
have been expected for the level of ischemia present.
It is not surprisingthat both the FMISO and FDG activ
The animals used in this study were fasted for 8â€”12
hr
ity was greatest in the endocardial half of the left ventric
which clearly suppressed plasma glucose levels and pre
ularwall. It has long been recognized that the endocardium sumably the insulin levels. Both of these conditions would
is more sensitive to hypoperfusion than the epicardium.
have the tendency to decrease FDG uptake. We used the
This greater endocardial uptake also supports the wall average FDG activity in anatomically normal myocardial
thickening data that the ischemic burden was relatively regions, however, to normalize the values in the individual
mild and would have been reversible.
samples both in the ischemic and normal regions. Unless
There are potential limitationsto this study. Myocardial there is an unrecognized relative greaterinhibitionof FDG
blood flow was only measured at two time points and the uptake iii ischemic compared to normal regions because of
average of these two were assumed to represent flow the fasting state, there should not have been an underesti
throughout the 3 hr of ischemia. The validity of this as mation of FDG uptake.
sumption cannot be tested. There was little change, how
Independentof the effect of basal glucose levels on FDG
ever, in the hemodynamic parameters or wall thickening uptake, if flow had been reduced to the point of preventing
during this period, suggesting that there should have been washout of inhibitory metabolic intermediates, FDG up
little change in flow. If change occurred, it was probably a take could have been underestimated. Given the relative
decrease in flow along with the trend for decrease in met mild nature of the ischemia, it seems unlikely that this
abolic demands in both the normal and ischemic zones, as phenomenon occurred to any great extent, although this
suggested by the trend in wall thickening changes. Further
issue cannot be addressed by our data. Similarly, high
more, since FMISO and FDG were measured in the same plasma lactate levels also could have suppressed FDG
pieces, any changes in absolute flow would not affect the uptake. Althoughplasma lactate levels were not measured,
relative differences in tracer trappingor uptake. The dii given the relatively mild ischemia and the small ischemic
ference between FMISO and FDG uptake may have been regions, the amount of lactate spilling over into the sys
underestimated because the experiment was terminated
temic circulation should have been small and the lactate
after only 3 hr of ischemia. We have previously shown a effect minimalor nonexistent.
progressive increase in FMISO uptake in ischemic myo
cardium over a 4-hr period (10, 12). Thus, by sampling at

3 hr, we may haveunderestimated
FMISO activityin the
ischemic samples, whereas FDG sampling for a similar
time used for clinical imaging protocols resulted in opti
mized FDG data. Also, because of the 2-hr time difference
between injection of FMISO and FDG, differentanaerobic
conditions may have existed. There was no significantdii
ference in MBF between the time of the FMISO and FDG
injections, althoughthere was a trendfor MBF to be lower
at the time of the FDG injection. This could have resulted
in greater uptake of FDG than would have occurred had
FDG been injected at the time of the FMISO injection. On

CONCLUSION
FMISO trappingduring moderate myocardial ischemia
is at least equal to, if not greater than, that for [â€˜8F]FDG.

FMISO is a potentially attractive alternative to FDG for
several reasons:
1. FMISO is taken up only by cells that are hypoxic but
still retain their viability.
2. FMISO probably does not require normalization to
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myocardial blood flow for determination of tissue vi
ability.
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3. FMISO is probablyunaffectedby tissuepH or basal
metabolic conditions such as plasma fatty acid or
glucose.
4. FMISO requires only a simple analysis of tissue-to

blood ratios. Finally, we observed FMISO uptake in
clinically stable patients (23); however, studies corn
paring FMISO and FDG uptake in the same patient

population prior to coronary revascularization are
necessary to determine the relative role of the two
compounds in identifying viable myocardium.
FMISO is unlikely to be useful in clinical conditions

of transient ischemia, such as might occur during
exercise, because of the need for ischemia/hypoxia to

be sustained during the interval from radiopharma
ceutical injection through imaging to observe trap

ping.
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