
he myocardiumcan utilize a largenumberof substrates
to provide the energy required for contraction. Under or
dinary aerobic fasting circumstances, long chain fatty acids
are the preferred fuel and glucose utilization is minimal.
After carbohydrate loading, glucose is consumed to a

greater degree. The relationshipbetween regionaloxygen
deliveiy, as measured by myocardial perfusion, and glu
cose consumption has been used as an indicatorof viable
ischemic myocardium. In comparison to ischemia, conges
tive cardiomyopathydoes not appearto produce a consis
tent change in substrate utilization that can be considered
a hallmarkof the process. Experimentalstudies have iden
tified discordant results: fatty acid utilization has been
shown to be decreased in cardiomyopathic hamster hearts
(1â€”6),failing guinea-pig hearts (7) and in patients with
congestive cardiomyopathy (8). Increased glucose utiliza
tion has been reportedin cardiomyopathicSyrianhamsters
(9) and in patientswith congestivecardiomyopathy(10) or
heart failure (11). In contrast, other reports have not de
tected an abnormality of glucose (7,12â€”14)or fatty acid
utilization (12â€”14).Most of these studies have not cone
lated changesin metabolic substratepreferencewith yen
tricular function, to determine if alterations in substrate
utilizationprecede deteriorationof cardiac function.

Adriamycin cardiotoxicity is a dose-dependent process
resultingin myocyte damage that culminates in congestive
heart failure. Clinically evident congestive heart failure is a
late manifestation of steadily accumulating subclinical
myocardial damage. The mechanisms of toxicity are not
clearly understood, but many studies suggest that adriamy
cin treatmentresults in free radicalproducts and lipid per
oxidation which disrupts myocardial cell membranes and
associated enzymes (15â€”17).If the cytotoxic effects of
adriamycinon myocyte membranes and membranebound
enzymes are important factors in subclinical myocardial
damage, changes in myocardial metabolism may precede
the observed changes in cardiac function and provide a
useful clinical marker of cardiotoxicity.

In the present study, we evaluated the relationshipbe
tween alterations in myocardial substrate utilization and
left ventricular function in a rat model of adriamycincar

We eValUatedafteratlonsofsubstrateutilizationina ratmodelof
adriamycin cardiomyopathy with deteriorating left ventricular
function.Ratsweretreatedwithadnamycin(2 mg/kg),oncea
weekfor 6, 8, 9 and 10wk. Auonne-18-F-deoxyglucose(1SF
FDG) and 125I-be@@nethy@w'1thedfatty add (@I-BMIPP)
wereusedastracersof glucoseandfattyacidmetabolismand
99mTc-hexalds(2-methoxylaobut@i-isonIti1Ie)(@rc-MlBl) was
usedasa myocardialbloodflowtracer.Leftventricularejection
fraction(LVEF)calculatedfromgatedbicodpool imageswas
usedasanIndicatorOfcardlaCfunction.LVEFwasnormalinthe
6-wk group(78.0%Â±4.8%),abruptlydecreasedin the 8-wk
group (43.1%Â±10.1%)and furtherdeterioratedin the 9-wk
group (27.6% Â±13.4%).Accumulationof 18F-FDG(%kgID/g)in
the hearts of adnamycintreated animalsprogressivelyde
creasedcomparedto controls(2.19%Â±0.38%);1.47% Â±
0.42% (p < 0.01) at 6 wk, 1.22% Â±0.27% (p < 0.001)at 8 wk,
0.69%Â±0.56%(p < 0.001)at 9 wk and0.50%Â±0.08%(p <
0.001) at 10 wk. This decrease occurred earlier than the deteri
orationin LVEF.Myocard@aceumulationof 1@I-BMIPPde
creasedin the advancedstagesof adriamycincardiomyopathy
andwaswellcorrelatedwiththedecreasein @F-FDGaccumu
lation.However,the decreasewas lessprofoundthanfor 18F-
FDG;53.7%Â±9.8%versus3l.6% Â±25.4%ofcontrolat9wk
(p= NS),49.5%Â±15.3%versus22.6%Â±3.5%ofcontrolat 10
wk (p < 0.05).AccumulatIonof Â°@1c-MIBIdid not differbe
tweencontrolsandthe adriamycintreatedgroups.Therewere
no differencesin bloodglucoselevelsbetweencontrolsand
adnamycintreatmentgroups.Bothglucoseandfattyacidutili
zation are decreasedin adnamycin-IndUCedcardiomyopathy
andthesecriticalimpairmentsInenergymetabolismareasso
datedw@iheartfallure.Impalredmyocardialgluccseudlization
measuredwith18F-FDGmaybea particularlysensitivemarker
of adnamycincardiomyopathy.
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diomyopathy. Serial measurementsof glucose utilization
with â€˜8F-fluorodeoxyglucose(â€˜8F-FDG)fatty acid utili
zation with â€˜@I-beta-methyl-branchedfatty acid (â€˜@I
BMIPP) myocardialperfusion with @9@c-hexakis(2-meth
oxyisobutyl-isonitrile) (@Tc-MIBI) and left ventricular
ejection fraction (LVEF) with serial gated blood pool im
aging were performed in rats treated with cardiotoxic doses
of adriamycin.

MATERIALS AND METhODS

Materials
AdriamycinwassuppliedfromKyowaHakkoKogyoCo., Ltd.

(Tokyo,Japan). AldrichChemicalCo. (St. Louis, MO)supplied
1,3,4,6tetra-O-acetyl-2-O-trifluoromethanesulfonyl-beta-D-man
nopyranose. Hexakis (2-methoxyisobutylisonitrile) (Mifil) was
purchasedfrom Dupont (Billerica,MA)and glucoheptonatekits
were purchasedfrom Squibb (Princeton, NJ). Iodine-127-labeled
15-(p-iodophenyl)-3-methylpentadecanoicacid and the nicotinyl
hydrazine derivative of human polyclonal IgO were prepared by
previously described procedures (18@,19).

Radlopharmaceutlcal Preparation
Fluorine-18-fluorodeoxyglucose was prepared using a robotics

basedimplementationof theproceduredevelopedby Hamascher
et al. (20). Technetium-99m-IgGand 1@I-15-(p-iodophenyl)-
3(R,S)-methylpentadecanoic acid were prepared by methods pre
viouslydescribed (1819). Technetium-99m-hexakis(2-methoxy
isobutylisomtrile) was prepared according to the procedure of the
manufacturer. Radiochemical purity was determined using
ITLC-sg chromatographic strips (Gelman Laboratories, Ann Ar
bor, MI) or HPLC.

Animal Model
MaleWistarrats, weighting250 Â±20 g, were treatedwith

adriamycin (2 mg/kg s.c.), once a week for 6, 8, 9 and 10 wk (Fig.
1). Control rats were injected with saline. All animals had free
access to a standard rat-chow and water up to the time of the
study. At 2 wk after the final adriamycin treatment, metabolic and
blood flow tracers were injected and gated blood pool imaging was
performed.

Gated Blood Pool Imaging
Theratswereanesthetizedwithketamineandinjectedwith15

mCiof @â€œTc-IgG.Fifteenminuteslater,the animalswereposi
tioned supine and imaged approximately 1 cm from the 3-mm
pinholecollimatorof a largefieldof view gammacamerainter
faced to a dedicated computer (Technicare model 438/Technicare
model 560, Solon, OH). This configuration resulted in visualiza
tionof only the chest of the rat(approximately12x magnifica
tion). Thirty-twogated images were acquiredin the frame mode
usinga 64 x 64digitalmatrixover 10â€”12mmandtheLVEFwas
calculated as previously described (21).

BIOdIStIIbUtIOnProtocol
Fluorine-18-fiuorodeoxyglucose(0.20mCi)was injectedintra

venously in the control group (n = 16), 6-wk treatment group (n =
6); 8-wktreatmentgroup(n = 5); 9-wktreatmentgroup(n = 6);
and 10-wk treatment group (n = 3). Some of the animals were
simultaneously injected with 1@I-BMIPP (0.005 mCi); controls (n
= 8), 9-wk group (n = 6) and 10-wk group (n = 3). Technetium

99m-MIBI(30mCi)was administeredto controls (n = 8); 6-wk
group(n = 4);8-wkgroup(n = 5);and 9-wkgroup(n = 4). Gated

PROTOCOL

CONTROL ADRIAMYCIN
(salines.c.) (2mg/kg sc)

DOSINGPERIOD(6,8, 9, 10wks)

TWOWEEKSAFTERFINALTREATMENT:

18F'@(0.20mCi,iv.) - allgroups
1@1-BMIPP(0.005 mCi. i.v.) - controls, 9 aod 10 wk groups

(SacrificeIhrafter@jecdon)

-B@dlethb@on
- Bbod @hemle@es

@Tc-MIBl(0.03mCi,i.v)- controls.6, 8 and9 wkgroups
(Sacrifice2.5hrafterinjection)
-Biodlethb@on

9OmTC.IgG(15mCi,iv.) - controls,6, 8 nod9 wkgroups
- G@ed Bbod Pod I@

. Calculation of LVEF

FiGURE1. Studyprotocol.

blood pool images were recorded for the controls (n = 13); 6-wk
group (n = 6); 8-wk group (n = 6); and 9-wk group (n = 5).

The rats were killed at 2.5 hr after injection of @Tc-MIBIand
at 1 hrafterinjectionof 18F-FDGandâ€˜@I-BM1PP.Radioactivity
in the whole heart was measured with a well-type scintillation
counter and tracer accumulation was expressed as %kgID/g. The
hearts were then divided into; right ventricular wall, septum and
leftventricularfreewallandtheregionaldistributionof radioac
tivity was determined. Serum BUN, glucose, albumin, triglycer
ides and cholesterol were measured from venous blood samples
obtained at the time of sacrifice.

Statistical Analysis
All results were expressed as mean Â±s.d. Tracer accumulation

in the various groups were compared with unpaired t-tests cor
rected for multiplecomparisons(p values of less than 0.05were
defined as statistically significant).

RESULTS

No mortality occurred in the control, 6-wk and 8-wk
groups, however, 60% in the 9-wk group and 82% of the
1O-wkgroupdied duringthe treatmentperiod. The average
body weight in the 1O-wkgroupwas increased comparedto
controls due to pleural effusions and ascites (Table 1).
Myocardial weight was significantly decreased in the 8-wk,
9-wk and 1O-wkgroups. Pleural effusion and ascites were
observed in almost all rats of the 8-wk, 9-wk and 1O-wk
groups. Blood chemistries demonstrated remarkablehy
poalbuminemia, hypertriglycemia and hypercholesteremia
indicative of a nephrotic syndrome in the adriamycin treat
ment groups(Table2). These abnormalitiesprogressedin a
dose-dependentmanner,resulting in severeazotemia.

1530 The Journalof NudearMedicineâ€¢Vol.34 â€¢No. 9 â€¢September1993



No.ofratsBody
we@ht
(9)Heart (9)PleuraleffualonAscftesControl23344

Â±150.86 Â±0.050/230/23Addamydn6-wk

dose10351 Â±240.83 Â±0.050/100/108-wk
doseI I349 Â±230.81 Â±0.08I 1/11@5/@1t9-wk
dose10358 Â±410.77 Â±0.1i@1@/10t9/10tiO-wk
dose3367 Â±20@0.64 Â±0.06@3/3@3/3t*p

< 0.05, tp < 0.01 and@p< 0.001comparedtocontrols.

BUN
(mg/dI)Glucose (m@/dI),4Jbumin (g/dI)Triglyceride (mg/dl@Cholesterol(mg/dI)Control(n=8)15Â±2153Â±131.6Â±0.158Â±2066Â±13Adriamycin6wk(n=6)15Â±6139Â±15O.8Â±O.3@251

Â±104*244Â±82@8wk(n=5)27Â±9k140Â±160.2Â±0.1*350Â±204@44@@.@39*9wk(n=6)65Â±53157Â±420.3Â±0.1*183Â±296376Â±i52@i0wk(n=3)139Â±2132Â±180.iÂ±0.0@69Â±39431Â±42*p

< 0.05, tp < 0.01 and*p< 0.001, cOmparedto controls.

TABLE 1
NecropsyFindings

â€˜8F@Gwere observed earlier than reductions in LVEF
(Fig. 6).

iodine-125-BM1PPAccumulation in the Myocardium
Myocardial â€˜@I-BMIPPaccumulation (%kgJD/g) was

significantly reduced in the 9-wk and 10-wk groups corn
pared to the controls (Fig. 7); controls: 0.38% Â±0.05%;
9-wk group:0.20% Â±0.04%(p < 0.001); and 10-wkgroup:
0.19% Â±0.06%(p < 0.001). Significanteffects of adriamy
cin treatmenton regionaluptakewere not detected. There
was a good correlationbetween myocardial accumulation
of 1@I-BMffP and â€˜8F-FDGin controls, 9-wk and 10-wk
groups in which the two radiopharmaceuticalswere in
jected at the same time (Fig. 8). The decrease of â€˜@I
BMIPP uptake was well correlated with the decrease in
18FpI@Gaccumulation. However, the decrease in myocar
dial accumulation was greater for â€˜8F-FDGthan for 1@I@
BMIPP;31.6% Â±25.4%ofcontrolversus53.7% Â±9.8% of
control (p = ns) in the 9-wk group; 22.6% Â±3.5% of
control versus 49.5% Â±15.3%of control (p < 0.05) in the
10-wk group.

DISCUSSION

Treatment with adriamycin (2 mg/kg) for 6 wk subcuta
neously once a week had no discernible effect on ventric
ularfunction (control:81.4% Â±6.3%versus treated:78.0%
Â± 4.8%, p = ns). Two additional weeks of treatment,
however, resulted in a marked reduction in ventricular
function (43.1% Â±10.1%).Additional therapy resulted in
further reduction in ejection fraction. Myocardial accumu
lation of the glucose analog â€˜8F-FDGwas decreased to

Radionuclide AngIOgraphy
There were no differences in left ventricularwall motion

between controls and the 6-wk group (Fig. 2). However,
left ventricularwall motion was significantlyreduced in the
8-wk group and more markedlyreduced in the 9-wk group.
LVEF did not differ between controls and the 6-wk group
(81.4% Â±6.3% versus 78.0% Â±4.8%; p = ns) (Fig. 3).
LVEF markedly decreased in the 8-wk group (43.1% Â±
10.1%; p < 0.001). In the 9-wk group, the decreasewas
even greater (27.6% Â±13.4%;p < 0.001).

Technetlum-99m-MIBIAccumulation in the
Myocardium

Technetium-99m-MIBI accumulation (%kgID/g) in the
whole heart at 2.5 hr after injection did not significantly
differ between controls (1.29% Â±0.04%) and the 6-wk
group (1.34% Â±0.07%), 8-wk group (1.15% Â±0.19%) or
9-wk group (1.20% Â±0.2%) (Fig. 4). The regionaldistribu
tion of perfusion was homogeneous in the control animals
and in all adriamycin treatment groups.

Ruodne-18-RuorodeoxygIucose Accumulation in the
Myocardium

Fluorine-18-fluorodeoxyglucose accumulation (%kgID/g)
in the hearts of adriamycintreated animals decreased pro
gressively comparedto controls (Fig. 5); controls: 2.19% Â±
0.38%;6-wkgroup: 1.47%Â±0.42%(p < 0.01);8-wkgroup:
1.22%Â±0.27%(p < 0.001); 9-wk group:0.69% Â±0.56%(p
< 0.001); and 10-wk group: 0.50% Â±0.08% (p < 0.001).
The regional distribution of â€˜8F-FDGin the myocardium
remainedhomogeneous in the treatedand control animals.
Significant decreases in myocardial accumulation of

TABLE 2
BloodChemistry

1531MyocardialSubstrateUtilizationinAdnamycinCardkmyopathyâ€¢Wakasugiet al.



1oo@

80

60

LVEF(2)

40

20

0â€”@ â€˜.
Control ADM6w ADM8w ADM9w

@â€˜C

@)\_) @â€” â€œC

fl:@ @â€œc

@ 4C@I@

T:@

@r@:@

f@L'@v'@@

I@DN@j @eek

FiGURE 3. Progresalonof leftventhculardysfunction.The LVEF
wasnormalinthe6-wkgroup,abruptlydecreasedinthe 8-wkgroup,
andfurtherdecreasedinthe9-wkgroup(â€œp< 0.001,comparedto
controls).

lation of the fatty acid analog 1@I-BMIPPwas also de
creased in the advanced stages of adriamycin cardiornyop
athy and was well correlated with the reduction in 18F-
FDG utilization, the reduction in â€˜@I-BMIPPaccumulation
was not as dramatic. Iodine-125-BMIPP is not metabolized
by beta-oxidation, and is trapped in the triglyceride frac
tion (22). Although â€œ3I-BMIPPmay not be an ideal tracer
of myocardial fatty acid metabolism (23,24), myocardial
accumulation of this tracer is associated with triglyceride
synthesis (25), which in part reflects fatty acid utilization.
The elevation in circulating triglycerides and the marked
alterationin fatty acid metabolism associated with the ne
phrotic syndrome may have in part reduced the measured
alterations in fatty acid accumulation as myopathy pro
gressed in the adriamycin model. Recently, it was reported
that myocardial accumulationof â€˜@I-BMIPPis positively
correlated with myocardial content of adenosine triphos
phate, which is required in the first enzymatic conversion
of fatty acids to acyl-CoA, a common intermediateof trig
lyceride synthesis and beta-oxidation (26). As a result, the

FiGURE 2. Representativegated t4ood pool images frome@h
adhamycintreatmentgroup(end-diastd,cimageon leftandend
systolicimageon iight).Normalwallmotionwaspresentinthe6-wk
group.Leftventricularwallmotionwasreducedinthe8-wkgroup.
Leftventricularwallmotionmarkedtyimpairedin the9-wkgroup.
ADM = adnamyan.

66.9% of control in the 6-wk group. Additional therapy
resulted in furtherreduction of myocardial â€˜8F-FDGaccu
mulation. By 8 wk, myocardialaccumulationwas 55.6%of
control; 31.6% of control at 9 wk; and 22.6%of control at
10 wk.

These results suggest that a reduction in myocardial
glucose utilization may be a more sensitive indicator for
detecting adriamycin cardiornyopathy than deterioration of
left ventricularfunction. Although the myocardialaccumu

2' 00@

@ 75'

1 50'

1 25'

Ic-MIBI 1 00'
(@ @glDI@)

0 75

0 50

0 25

0 00

FIGURE 4. Technelium-99m-MIBIaccu
mulationin the heart(%kgID/g).Techne
tium-99m-MIBIaccumulationin heartsof
adnamycintreatmentanimalsdidnotdiffer
fromcontrols.Also,therewas no difference
in regknal myocarcflalaccumulationbe
tween controlsand the trea@ent groups.
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FIGURE 5. Ruodne-i8-fluorodeoxy
glucoseaccumulationin theheart(%kgIDI
g). Ruodne-18-fluomdecxyglucose @u
mulationinheartsofadÃ±amyclntreatedan
Imalsprogressivelydiminishedcomparedto
controls.RegiOnalmyocardlalaceumulatlon
alsoshoweda dose-dependentdecrease
(*p < 0.05, **p < 0.01,@ < 0.001, corn
paredto controls).

pentadecanoic acid (pIPPA) which reflects beta-oxidation
(33). Acutecardiotoxicityisnotequivalentto chroniccar
diotoxicity which is a dose-dependent condition, however,
the acute cardiovascular effects of adriamycin could be
related to the development of chronic cardiotoxicity. We
chose to assess myocardial substrate metabolism 2 wk
after the final adriamycin treatment in order to minimize
the acute effects of adriamycin.

In a study of the chronic cardiotoxicity with 1311-hepta
decanoic acid (â€˜3lI.FzA@),a mild but significant prolongation
in the myocardial half-timeof â€˜31I-HAwas observed only
at highcumulativedoses.Also, changesin ejectionfraction
were observed before there was a significantchange in the
myocardial half-time of 131I.}@ (34).

Since we did not study myocardialaccumulationof â€˜@I
BMIPP in the 6-wk group (normal LVEF) or the 8-wk
group (early decrease in LVEF), it is uncertain whether
decreasedmyocardial â€˜@I-BMIPPaccumulationprecedes
the decrease in LVEF. However, the decrease in 1@I@
BMIPP accumulationwas not as great as the decrease in
18F@G accumulationin the 9-wk groupwhich showed a
marked reduction in LVEF or in the 10-wk group (the last

FIGURE 6. Progression of decrease in
18Fp@ accumulationin the myocardium
(%kgiDlg).Decreasein18F-F'@accumula
tionInadrlamycln-treatedanimalsappeared
earlierthandeteriorationin LVEFandpro
greasedmore linearly(â€œp< 0.01, â€œ@p<
0.001, comparedtocontrols).

Heart(whole) RV Septum LV free wall

failure to identify a marked change in â€˜@I-BMIPPaccumu
lation may be a reflectionof the adriamycinmodel selected
for this study.

Myocardial glucose and fatty acid utilization are influ
enced by multiplefactors, includingplasmasubstratelevel,
hormonal milieu and myocardial perfusion. In the present
investigation, the rats were allowed free accessto a stan
dard diet up to the time of the study and there were no
significant differences in glucose levels between the treated
and control animals. Myocardial blood flow determined
with @9'c-MIBIdid not change significantlycompared to
controls in any of the adriamycin treatment groups. Al
though it has been suggested that myocardial retention of

@â€œTc-MIBImay reflect viability in addition to perfusion
(27â€”30)in coronaiy arteiy disease, this issue remains con
troversial(31). Unfortunately, there is currentlyno dataon
the value of this tracer as a markerof viability in cardio
myopathy.

Studies of the acute cardiotoxicityof a single injectionof
adriamycin have demonstrated a slight depression of myo
cardial oxidation oflong chain fatty acids (32) and impaired
utilization of the fatty acid analog, â€˜31I-15-p-iodophenyl
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FiGURE 7. Progresalonof decrease in
1@l-BMIPP @umuIatIonin the heart
(%kgID/g).1@I-BMIPPaccumulationwas
slgnmcantlydecreasedin the 9-wk and
1O-wkgroups.Therewerenoeffecton re
glonaJmyocardialaccumulationin any
group (â€œp< 0.01, â€œp< 0.001, compared
to controls).
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practical time to make measurements due to the high mor
tality from cardiac and renal failure).

Impairedmyocardialglucoseutilizationreflectedbyde
creasedâ€˜8F-FDGaccumulationmay be a sensitivemeta
bolic markerfor adriamycincardiomyopathy. Several pre
vious studies have suggested that there is increased or
normal myocardial glucose utilization in cardiomyopathic
hamsters and in patients with congestive cardiomyopathy
or heart failure. Since, under the condition of unaltered
myocardial perfusion, no single metabolic effect can de
crease both â€˜8F-FDGand â€˜@I-BMIPPaccumulation, adri
amycin probably effects myocardial metabolism at multiple
sites. Thus, the decrease in myocardial accumulation of
â€˜8F@yjobservedin our study may reflect cytotoxic ef
fects at the myocyte membrane and membrane bound en
zymes.

In conclusion, myocardial accumulation of â€˜8F-FDG

0

0
0

FDG(* kg Dig)

0

0

0

@ 3
BMIPP(* kg Dig)

35 4 45

FiGURE 8. Correlationbetween 1@I-BMIPPand â€˜@F-FDGaccu
mulatlonInthe heartsof controls9 and10treatedanimals.1@I@
BMIPP and 18F-FDGwere injectedat the same time. Decrease in
l2SI@D&@MIPPaccumulation was well correlated with decrease In @F

FDGaccumulatlon(r2= 0.712,p< 0.001).

1534

S Control
U ADM9week
I ADtIlOweek

and critical impairmentsin myocardial energy metabolism
occur before mechanical function is substantially reduced.
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