
CLINICALSCIENCES

While generally considered as the basic elements for
protein synthesis, several amino acids are linked through
their intermediary metabolism to carbohydrate metab
olism; they also participate in maintaining the cytosolic
and mitochondrial redox balances and can play an im
portant role in removing ammonia from myocardium
(1â€”4).The carbon skeletons of Ala,* Glu, and Asp are
important intermediates of aerobic and anaerobic gly
colysis and can replenish intermediates in the citric acid
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cycle (4), while the corresponding a-ketoacids of
branch-chain amino acids such as Leu enter specific
metabolic pathways. Asp and Glu further participate in
the malate-aspartate shuttle for indirect transportation
ofcytosolic NADH into the mitochondrial matrix, and
for coordination of the cytosolic and mitochondrial redox
potential (2). Gln and Ala are considered the vehicles
for the removal of ammonia from normal and ischemic
myocardium (3,4). The existence of an anaerobic
pathway in ischemic and/or anoxic myocardium has
been postulated; it uses Glu and Asp and yields GTP and
ATP by substrate phosphorylation in animal models
(5,6). Consistent with such a hypothesis are (a) the ob
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To evaluatethe utilityof labeledL-amlnoacids (AA) for imagingregionalmyo
cardial AA metabolismby positroncomputedtomography(PCT), the myocardlal
uptake and clearance of Aia, Glu,Gin, Asp, Loutaggedwith N-13, and of C-Il
tagged Asp, and oxaloacetate (Oxal), were examined in 44 experiments at control,
duringlschemla,and after transaminaseinhibition.The myocardialtime-activity
curvesrecordedafter intracoronarytracer Injectionhadtwo clearancephases(an
early and a late) for all N-l3 AA, andthree (early, intermediate,late) for the two
C-Il compounds,with sIgnifIcantlydifferentclearance half-timesof 18.7 Â±8.0
(s.d.)secfortheearlyphase,141.7Â±56.5secfortheintermediate,and61.2Â±
43.5mmfor the latephase.Theresidualfractionsrangedfrom0.07to 0.23in nor
mai myocardlum,and consistentlyIncreasedwith ischemlaby 0.02-0.07 for N-
13-labeled Ala, Glu, Asp, and Leu, but not for N-13 Gin and the C-I I compounds.
Transarninase inhibition shortened the half-tImes of the late phases of N-13-Ia
beled Ala, Glu,Asp,and Leu;had noeffect ont112of N-13 GInandC-I I Oxal;and
resultedin a lossof C-I I CO2productionand of the intermediatephasefor C-Il
Asp. Onthe PCTimages, N-13 activity from labeled Ala and Glu was not decreased
In an lschemicsegmentdespitea significantflow reduction,as demonstratedby
N-l3 NH3imagingandlabeledmlcrospheres.Fromtheresults,a three-compart
menttracerkineticmodelisproposedforthenoninvasivequantificationofKrebs
cycle activity, protein synthesis, and metabolic derangements related to
Ischemla.

J Nuci Med 23: 671â€”681,1982



HENZE, SCHELBERT, BARRIO, EGBERT, HANSEN, MACDONALD, AND PHELPS

citric acid cycle, in normal and ischemic myocardium
as well as after transaminase inhibition. The techniques
using single-pass residue fraction and PCT imaging were
used to define their utility for the noninvasive study of
regional myocardial metabolism by PCT.

MATERIALS AND METHODS

Radiopharmaceutical preparation. The following
compounds were synthesized and their kinetics studied:
N-l 3 substituted in the a position in the L-amino acids
Ala, Glu, Gln (a-Gin), Asp, and Leu, and in the w po
sition in Gln (w-Gln); and C-i 1 in C4 position in oxa
loacetate (Oxal) and Asp.

N- 13 Glu, N- 13 Ala, N- i 3 w-Gln, N- 13 Asp, C- 11
Oxal, and C-i 1 Asp were prepared as reported earlier
from our laboratory (15,16). N-13 Leu was synthesized
as described by Cooper et al. (17). N-13 a-Gin was
prepared from N-i 3 Glu and 30 mM sodium phosphate
(pH 7.5), 20 mM MgCl2, 6.8 mM ATP, and 20 mM
NH4C1 in a total volume of 5 ml, using the procedure
described earlier for N-i 3 w-Gln (16). The enzymatic
syntheses were performed by remote, semi-automated
control of the chemical unit operations as described in
a preliminary report by Barrio et al. (20), as shown
schematically in Fig. 1.

Animal instrumentation. Twenty mongrel dogs
weighing from 19.5 to 35.5 kg (mean 25.5 kg) were
studied after an overnight fast. Each dog was anesthe
tized with sodium pentobarbital (25 mg/kg) and venti
lated with room air. After a left thoracotomy, the pen
cardium was incised widely and sutured to the chest wall
to form a cradle in which the heart was suspended.
Myocandial blood flow was measured with radioactive
micnospheres injected into the left atrium using the an
terial reference sample technique (21 ). Systemic blood
pressure was monitored continuously through a catheter

positioned in the aorta and connected to a pressure
tnansducen,t and was recorded together with the ECG
on a direct-writing physiologic recorder.t Arterial blood
samples were withdrawn through a second catheter ad
vanced through the femoral artery into the aorta. Ad
ditional instrumentation depending upon the experi
mental protocol is described below.

Intracoronary injection studies. A. Control and
ischemia. In eight dogs, in addition to the basic instru
mentation an electromagnetic flow probe and a me
chanical screw-type occluder were placed around the left
anterior descending coronary artery (LAD). The labeled
amino acids were injected into the LAD through a 30-
gauge needles inserted distally to the flow probe. After
a control experiment, LAD flow was reduced by 60-70%

until hypokinesis and/or akinesis of the anterior myo
cardium occurred, the onset of which was determined

FIG. 1. Remote semiautomated system used for enzymatic pro
duction of N-13- and C-i 1-labeled L-aminO acids. System has been
conceptually divided into fow operational units: (1) preparationof
substratesandcofactors, (2)enzymatlc synthesis,(3) purIfication,
and(4)sterilization.Specificcomponentsare:A enzymecol
umn(s);B ion-exchangecolumn; C reservoir vessel; D to F:
solenoidvalves;GtoJ:vessels;L Injectionvial;K 0.22-timpore
membrane fifter; M, N, 0 syringes.

servation of an increased myocardial extraction of Glu
in patients with coronary artery disease (7); and (b) the
beneficial effect of amino acids, especially Glu, on the
mechanical recovery of ischemic rabbit septa (8) or
cardioplegic human myocardium (9). Finally, alterations
in myocardial protein synthesis will be reflected by de

rangements in myocardial amino acid turnover. Protein
synthesis has been reported to be altered in a variety of
myocardial disorders such as ischemia, cardiomyopathy,
hypertrophy, and heart failure (10â€”13).

Amino acids can now be labeled with positron-emit
ting nuclides (such as N-i 3 and C-l 1) with a high yield,
a high degree of purity, and no loss of their biochemical

properties, and they can be used in man (14â€”i?). They

could be of value, together with positron computed to
mography (PCT), for the in vivo study of normal and
abnormal myocardial intermediary and protein metab
olism and/or synthesis. Nitrogen-13-labeled amino acids
have already been used for tomographic PCT imaging
of the heart (18,19). However, no systematic studies
have yet been performed to delineate the kinetics of these
labeled amino acids and their relationship to metabolism
and protein synthesis. Such studies are important for
interpretation of the PCT images as well as for devel
oping a basis for tracer kinetic modeling.

It was therefore the objective of this study to examine
uptake, clearance, and retention of N-l3- and C-i 1-
labeled amino acids and related intermediates of the
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FIG.2. Twotypical time-activitycurvesfor
amino acids labeled with N-13 (triangles)
and C-i 1 (dots). Initial portion of these
curves is illustrated with expanded time
scale in ri@t uppercorner.Arrow indicates
recirculationof bloodactivitythrcx4i left
ventricle. Computercurve-fifing revealed
three phases(yi, y2, y3)for C-i 1-labeled

I 200 compounds but two phases (y1, y3) for N-

13-labeledcompounds.
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visually. Fifteen minutes later, the tracer bolus was in
jected and, while ischemia was maintained, myocardial
radioactivity was recorded for 20 mm. The occlusion was
then released and the myocardium allowed to recover for
40-60 mm. Ischemia was then induced again by reducing
LAD flow for 15 mm. The screw-type occiuder was
slowly released until LAD flow reached control levels
(thus preventing reactive hyperemia), followed imme
diately by tracer injection and recording of myocardial
activity while flow was maintained at control levels. The
objectives of these experiments were to eliminate the
effects of flow on extraction, washout, and initial met
abolic trapping of labeled amino acids in ischemic
myocardium, and to establish the tracer kinetics during
slow recovery. At the time of tracer injection (only 3â€”5
sec after normal flow was re-established) the metabolic
state of the myocardium supplied by the LAD was still

ischemic (22) whereas blood flow was normal. This cx
penimentai approach, rather than an anoxia model with
controlled flow, was used because it resembles more the
pathologic situation in coronary artery diseaseâ€”namely,
perfusion after demand-induced ischemia or reperfusion
after coronary spasm or thrombolytic interventions.
Eight compounds were tested in these experiments:
N-13-labeled Ala, Glu, ct-Gin, w-Gln, Asp, Leu, and
C- 11-labeled Oxal and Asp.

B. Effect of transaminase inhibition: Myocardial
uptake and clearance of N-i 3-labeied Ala, Glu, w-Gln,
Asp, and Leu, and of C-i 1-labeled Asp and Oxal, were
studied in seven dogs at control and after transaminase
inhibition with amino-oxyacetate. After the control cx
peniments, myocardium supplied by the LAD was pre
treated with intracoronary infusion of amino-oxyacetate
solution (0.2 mmol/ml-min) for 15 mm. Blood flow in

these experiments was approximately iOOml/min-lOOg
tissue. The above infusion rate therefore resulted in a
concentration 2.0 mM of amino-oxyacetate in the per
fusing blood. This concentration has been reported suf
ficient to inhibit transaminase activity (8). The infusion
was maintained throughout the entire 20-mm study
period. Myocardial C-i 1 CO2 production across the
myocardium supplied by the LAD was measured after
injection of C-i i Asp at control and after amino-oxy
acetate infusion. Arterial blood was withdrawn from the
left atrium, and venous blood through a cannula inserted
into the anterior interventricular vein. For analysis of the
C-i 1 CO2 activity in arterial and myocardial venous
biood, two 2-ml aliquots of the 5-ml blood samples were
dispensed into separate test tubes and 0.9 M bicarbonate
(1 ml) and water (4 ml) added to each aliquot. One ali
quot was acidified with 1 ml of 6 N HC1, the other was
made basic by adding 1 ml of0.l N NaOH. The acidi
fled sample was placed in a hot-water ultrasonic bath for
5 mm to dispel C-i 1 CO2. and the C-i 1 activity in the
duplicate tubes was determined. The difference in C-il
activity between HCI- and NaOH-treated duplicate

samples represents the amount of C-i 1 CO2 in blood.
This approach has been validated in our laboratory. The
retrieval of C-i 1 CO2 by acidification was consistently
in excess of 95%, whereas 100% of C-i i CO2 was per
manently bound in alkaline medium.

C. Data collection and analysis: The approach used
in our laboratory has been described in detail elsewhere

(23,24). Briefly, after injection of a 0.2-ml bolus con
taming 10-30 jzCi of the labeled compound (with a mass
of approximately 2-5 nmol) into the LAD, the retention
of N-i 3- or C-i i-labeled tracer in myocardium, and its

subsequent clearance, were recorded with a shielded and
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collimated 7.5- by 5.0-cm NaI(Tl) scintillation detector
positioned over the heart. The field of detection en
compassed the myocardium supplied by the LAD but

excluded the site of tracer administration. Data were
collected in 0. i -sec increments, corrected for decay, and
stored in a digital computer.

Two time-activity curves typical for the N-l 3- and
C- 1i-labeled compounds tested are shown in Fig. 2.
Time zero represents the time of maximum count rate,
this being proportional to the total amount of activity
injected. These counts were normalized to iO,000. The
early portion of the curve (shown expanded horizontally
in the right upper corner of Fig. 2) demonstrates a vas
cular component and activity recirculating through the
left ventricle. Because this initial part of the time-activity
curve (30 sec) is not related to metabolism (see Results)
it was excluded from further data processing. Least
squares curve-fitting by a computer revealed two mo
noexponential phases (early and late) for all N-l 3-la
beled amino acids, but three monoexponential phases
(early, intermediate, and late) for the C-i 1-labeled
compounds. The clearance rates or slopes of these phases

are described by their half-times (t112).The fraction of
radioactivity retained in myocardium was defined as the
residual fraction, and is equal to the intercept of the late
phase divided by the maximum count (iO,000). This
method of residue detection and analysis has been used
previously and found valid for tracer kinetic studies in
the heart (23â€”25)and in brain (26,27).

Tomographic Studies. A. Tomographic imaging.
Tomographic imaging was performed in five dogs with
the UCLA positron computer tomograph (28). In ad
dition to the basic instrumentation, an electromagnetic
flow probe, a snare, and a screw-type occluder were
placed around the proximal LAD. Two pacing electrodes
were attached to the left atrial appendix. The screw-type
occluder was then tightened until reactive hyperemia to
a i 0-sec total occlusion (with the snare) was abolished.
This resulted in a reduction of control flow by 55% Â±i 2
(s.d.) (n = 5) measured with Co-57- and Sn- i 13-labeled
microspheres.

Each dog was positioned in the tomograph, and
transmission images were recorded for subsequent cor

rection for photon attenuation (25). One cross section

through the mid level of the ventricle was selected for
imaging. Demand-induced ischemia was then produced
by atrial pacing, raising the heart rate from 1i7 Â±i4
bpm to i96 Â±23 bpm, and was maintained throughout
the image acquisition. Before injection of N-i 3 ammonia
and N-i 3-labeled Glu or Ala, radioactive microspheres
were injected into the left atrium. Also, myocardial
perfusion was imaged after intravenous injection of the

flow tracer N-i 3 ammonia (23,24). Sixty minutes later,
after physical decay ofN-i3 (11/2 = 9.9 mm), ischemia
was induced again by rapid atrial pacing i 5 mm before

intravenous injection of i 0 mCi of N-i 3 Glu (four ex

periments) or N-i 3 Ala (two experiments). PCT imag

ing of the same myocardial cross section was again begun
4 mm after injection for a period of 5 mm. The dogs were
then killed.

B. Data collection and analysis: Blood flow of the
imaged cross section was calculated from the tissue ml
crosphere concentrations and was correlated to the rel
ative tracer concentrations of N-13 ammonia, N-13 Glu,

and N- i 3 Ala, determined from regions of interest as
signed to the PCT images as described previously (23).
The ratio of activity in ischemic to normal segments was
used to determine the relative flow reduction from the
N-i 3 ammonia study (F) and relative tracer residue of
labeled amino acids (R) in the ischemic segment. The
ratio R/F relates the activity of N-i 3-labeled amino
acids to blood flow in the ischemic segment.

All mean values are given with their standard devia
tions (s.d.). For statistical analysis, Student's t-test for

unpaired and paired data was used.

RESULTS

Figure 2 shows two representative myocardial time
activity curves, recorded after intracoronary bolus in

jection of N-i 3 Ala and C-i 1Asp and corrected for ra
dioactive decay. The initial part of one of the curves is
shown in expanded time (0. i-sec intervals) in the inset
of the same figure. It illustrates the temporal changes
immediately after tracer administration, i.e., the upslope,
peak, and initial clearance of activity. The peak of the
curve is proportional to the total activity injected. The
subsequent short phase of rapidly declining activity
represents the vascular component and depends on cor
onary blood flow. The half-time of this phase averaged

4.6 Â±1.2 sec (n = 22) at normal flow and increased (p
< 0.5)to5.5Â±2.2sec(n = 9) withlow-flowischemia.
This vascular phase was apparent with all compounds
tested and indicates that the initial extraction of the
N-i 3- and C-i i-labeled tracers in canine myocardium
is less than 100%. Because of the incomplete initial ex
traction, considerable activity recirculates, as demon
strated by a recirculation peak at approximately 15 sec
after injection. This initial recirculation is pronounced
in our dog model after intracoronary injection because
(a) the activity recirculates through the left-ventricular
blood pool after only one lung passage, and (b) the
scintillation probe used does not separate myocardial
from blood-pool activity. The onset of initial recircula
tion (i.e., the time from peak activity to the onset of the

recirculation peak) was noted in all experiments and

averaged 7.4 Â±2.0 sec (n 38), which is comparable to
the minimum recirculation time of 0â€”i5-labeled red
blood cells shown by the same model (23). Because of
the relatively large vascular phase and considerable re
circulation, the initial extraction fraction cannot be as
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FIG. 3. Clearance half-times at control
(CTh)afterlow-flowischemla(ISC,solid
lines), and during slow recovery after
ischemia (ISC,dashedlines)duringearly,
intermediate,andlatephases.(Glu glu
tamate,Gin = glutamine,a- or w-labeled,
Ala alanine, Asp aspartate, Leu
leucine,Oxal oxaloacetate).USC
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sessed accurately, as was possible for N-13 NH3 (23,24).
This initial portion of the time-activity curve (30 see) is,
however, not directly related to metabolic turnover of the
labeled amino acids in myocardium and was therefore
deleted from further analysis.

Tracer kinetics under control conditions. The time
activity curves for all N-i 3-labeled amino acids under

study were similar but differed distinctly from those
recorded with the C-i 1-labeled compounds, which as a
group cleared from myocardium in a rather consistent
pattern. Curve-fitting of the time-activity curves dem
onstrated two clearance phases (early and late) for the
N- 13 amino acids, but three (early, intermediate, and
late) for all C-i 1-labeled tracers. Each of the three
phases had significantly different half-times. As shown
in Figs. 3 and 6 (in the control panel), the half-time of
the early phase averaged 18.7 Â±8.0 sec (n = 15); for the
intermediate phaseâ€”present only on the time-activity
curves of C-i 1 labeled tracersâ€”it was i4i .7 Â±56.5 sec
(n = 4), and for the late phase 61.2 Â±43.5 mm (n = is).
The clearance rate of the early phase was virtually the
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same for N-i 3- or C-i 1-labeled tracers. The late phase

identified two subsets with significantly (p < 0.05) dif
ferent t112:one subset with a T112of 32.5 Â±6.2 mm (n
= 7), which included all C-i I tracers and N-i3-tagged

a- and w-Gln; and a second subset with a t1,,2of94.3 Â±
37.5 mm (n = 8) that included the remaining N-i3
amino acids.

The residue fraction was relatively low, due to the
presence of a relatively large nonextracted portion of the
labeled amino acids and the rapid clearance rate of the
early phase; it ranged from 0.07 to 0.23, with a mean of
0.17Â±0.05(n= 15).

Effect of ischemia. The two interventions (i.e., low
flow ischemia and slow recovery) had different effects
on the half-times of the early clearance phase. The rate
was significantly slower (p < 0.01) with low-flow
ischemia (t112 = 24.5 Â± 19.5 sec) than in the experi
mental runs during recovery with normal flow (t112
19.6 Â±9.1). The intermediate phase's t1,,2decreased for
both C-i 1 Asp and Oxal during low-flow ischemia but
increased during the recovery period for C-i 1 Asp.

L:J Controt
â€” Ischemia,owflow

::@ Ischemia,normalflow

rilril

40

FIG. 4. Residuefractionsof N-13-and
C-i 1-labeled amino acids at control,
ischemia, and during recovery after
ischemia with normal blood flow. (Abbre
viationsas inFig.3).N-13 Glu N-13 Asp Nâ€”l3wGln N13 (POIn Nâ€”13 Ala Nâ€”13 Leu Câ€”llOxal C-il Asp
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During the late phase, and regardless of the type of flow
intervention, only very minor changes in ti,2 were re
corded for all compounds tested with the exception of
N-i 3 Leu. The N-I 3 Leu had the slowest clearance
during the late phase at control and demonstrated a
faster clearance in response to both types of ischemia.

As shown in Fig. 4, the residue fraction consistently
increased with low-flow ischemia for all compounds
tested. This effect, however, was less pronounced during
the recovery period and was negligible with N-13 a- and
w-Gln and the C-i i-labeled compounds.

Effect of transaminase inhibition. Amino-oxyacetate
reduced the metabolic trapping of the N-i 3-labeled
amino group, as indicated by a more rapid clearance rate
of the late phase. This is shown in Fig. 5 for a typical
experiment with N-i 3 Leu. The results for all com
pounds tested are summarized in Fig. 6. Nitrogen-i 3
w-Gln and C- 11Oxal were unaffected by transaminase

Nâ€”13Leu

I â€¢.@ S â€¢ â€¢. .
2

aâ€¢â€¢â€¢â€¢â€¢â€¢.â€¢Control
La â€¢SSISâ€¢SU)SSSâ€¢â€¢SSâ€¢IsSSâ€¢â€¢â€¢SSâ€¢SsseIâ€¢ss.â€¢..Isâ€¢.S.......s........â€¢..

a

La

10

7,

, , FIG. 5. Effect of transaminase inhibition

_____________________________________________________ with amino-oxyacetate on time-activity
0 200 400 600 800 1000 1200 curves for N-13 activity,recorded after

TIme(sec) intracoronaryinjectionof N-13 Ieuclne.

inhibition, while the t1@i2ofthe late phase decreased from
86.7 Â±19.5 mm to 40.6 Â±16.9 mm (p < 0.1) for N-
13-labeled Ala, Glu, Asp, and Leu. The effect of trans
aminase inhibition, however, was most pronounced on
C-i 1Asp, as shown in Figs. 6 and 7. The typical triphasic
appearance of the time-activity curve changed to bi
phasic, with a loss of the intermediate phase and a lack
of C-i 1 CO2 production.

PCT imaging. Figure 8 shows a set of typical PCT
images obtained after pacing induced ischemia and in
jection of N-i 3-labeled ammonia, Glu, and Ala. Table
1 lists the ratios for flow in ischemic and normal myo
cardium, determined by the microsphere technique and
N-i3 ammonia (I/N), and the ratios for N-l3 tissue
activity after N-i3 Glu and N-i 3 Ala administration.
The ratios for flow determined by microspheres are in
good agreement with those measured in vivo by N-i 3

FIG.6. Clearancehalf-timesof N-13-and
C-i 1-labeled amino acids at control (CTh),
and after transaminase inhibition with
amino-oxyacetate(AOA)duringearly, in
termediate,andlatephases.DOttedlineof
C-i 1 Asp during intermediate and late
phases after transaminase inhibition
demonstrates that this phase has com
pletelydisappearedor itshalf-timeisnow
comparable to the late phase's half-time.
This indicates that fransamination is nec
essaryfor channelingthe carbonskeleton
(C-i 1 Oxal) Into the Krebs cycle. Thus,
C-i 1 Asp behaves like N-13 Asp after
transaminaseinhibition.(Abbreviationsas
inFig.3).
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FIG. 7. EffeCtof transaminase inhibition
with amino-oxyacetate on myocardlal
time-activity curve of C-i 1 aspartate.
Typicaltriphasicappearanceof time-ac
tivfty curve (solid cIrcles; control) has
shifted towards a blphasic time-activIty
curve (triangles). This was paralleled by
completeblock(lowertriangles)ofC-il
CO2productionthatisusuallypresentat
100-200 sec after intracoronary injec
flon.

Tracer kinetic modeling.The results of this study can
be best interpreted by means of the compartmental
model shown in Fig. 9. Each of the labeled compounds
tested exhibited a prominent vascular component rep
resenting the unextracted fraction of activity that re
mains in the vascular space. This fraction can be esti
mated from the sum(s) of the sizes of all other compo
nents ofthe time-activity curve (intercepts ofy1, y@,and
y3 for C-i i-labeled compounds, and of Yl and y3 for
N-i 3 amino acids, respectively) and total activity in
jected (iO,000 cps). This fraction ranged from 40-60%
for all compounds tested. Thus, in canine myocardium,
only about 50% of the labeled compound leaves the
vascular space and enters the interstitial space.

Because of the relative uncertainty of curve
fittingâ€”due to a substantial vascular phase and con
tamination of the primary curve by recirculating activ
ityâ€”wedid not determine quantitatively the differences
in initial extraction between control state and that after
metabolic interventions. Simple visual interpretation of
the time-activity curves, however, indicated that this
vascular component and the tracer recirculationâ€”and,

FIG.8. PosItroncomputedtomo@aphlcimagesobtainedafter i.v.
injectionof N-13ammonia,N-l3 Glu,andN-l3 Ala, injectedduring
pacing-induced ischemia of anteroseptal myocardium (arrow).
Ammonia imagedemonstratesdecreasedperfusionhere,whereas
retainedN-13activity in samesegmentis dIsproportIonatelyhi@ier
after N-13GluandN-13Ala edministratlon.(AbbreviatIonsas In Fig
3).
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ammonia PCT imaging. However, the ischemic-to
normal ratios for myocardial N-l3 activity in the N-l3
Glu and N-13 Ala PCT images were consistently higher
than the corresponding flow ratios. Hence, as shown in
Table 1, the N-13 tissue activity in the ischemic segment
on the N-13 Glu and the N-13 Ala PCT images was two
to three times the N-i 3 activity on the perfusion images,
indicating that the extraction of both labeled amino acids
into the ischemic segment, as represented by the portion
in the late phase, was considerably in excess of flowâ€”in
other words, disproportionately greater than the flow
reduction.

DISCUSSION

This study was designed to examine the utility of la
beled amino acids for the evaluation of myocardial me
tabolism by PCT. This new imaging technique not only
permits display of tomographic, cross-sectionai images
but also allows noninvasive quantitation of tissue tracer
concentrations and, thus, of metabolic turnover rates
(29,30). Design of tracer kinetic models for metabolic
processes requires an understanding of the relationships
of the tracer kinetics in specific metabolic pathways that
can be examined under controlled experimental condi
tions, such as with single-pass uptake techniques and
selected metabolic interventions.

Nitrogen-i3- and C-i 1-labeled amino acids could be
of potential value for imaging myocardial metabolism
by PCT for two reasons: First, L-amino acids can be la
beled relatively easily with N-i 3 or C-i 1without altering
their physiologic properties (14â€”19).The possibility of
labeling either the amino group or the carbon skeleton
would have great impact on modeling the tracer kinetics
and the specific pathway evaluated. Second, amino acids
are important intermediates for myocardial protein
synthesis and energy metabolism in normal and diseased
myocardium (1â€”13).

N-13 NH3 Nâ€”13Glu Nâ€”13Ala

4'

Volume 23, Number 8 677



DogMyocardial
Perfusion

Miccrospheres(mI/min-lOOg) N-l3 ammonia
I N I/N I/N I/N'Uptake

of N-13 AminoAcidno.R/F

HENZE,SCHELBERT,BARRIO,EGBERT,HANSEN, MACDONALD.AND PHELPS

TABLE1. PERFUSION,N-13NH3,N-13Glu,ANDN-IS Ala UPTAKEIN ISCHEMICANDNORMAL
MYOCARDIUMDURINGPACING-INDUCEDISCHEMIA

N-l3Glu
1 51Â±11
2 67Â±17
3 47Â±16
4 30Â±8
5 47Â±12

128Â±33
130Â±40
125Â±28
112 Â±40
132Â±28

0.4
0.52
0.38
0.27
0.36

0.33
0.52
0.33
0.17
0.34

0.72
1.06
0.73
0.48
0.97

2.18
2.04
2.23
2.83
2.87

N-13 Ala
4 0.41
5 0.35

MeanÂ±ls.d. 48Â±13 125Â±34 0.38Â±34 0.35Â±0.1

1.11
1.15

0.89 Â±0.25

2.71
3.29

2.59 Â±0.45

a I ischemic; N normal; I/N ratio of tracer tissue concentrations In Ischemlc to normal myocardium; A/F represents the

ratioof l/N@overI/N. andindicatesretentionof N-13 activityafter Intravenousinjectionof N-13 Gluor Alacomparedwithflow
in lschemic segment.

thus, the initial extractionâ€”were very similar in all cx
perimental runs, regardless of the type of label or the
study protocol.

Once the N-i 3- or C-i i-labeled amino acid has en
tered the interstitial and/or cytosolic compartment
(Compartment i in Fig. 9) it may diffuse back into the
plasma, or the labeled amino group may be subject to
rapid transamination. The newly formed amino acid may
also diffuse back into the plasma. That the latter indeed
occurs could be demonstrated by qualitative HPLC in
a limited number of experiments. Venous blood draining
from an ischemic segment 20 sec after intracoronary
bolus injection of N-i 3 Glu contained mainly N-13 Glu
but also small amounts of N-i3 Ala (E. Henze, et al.,
unpublished data). The half-time of the early phase was
similar for all compounds tested; it averaged 18.7 Â±8.0
5cc, which is comparable to that for freely diffusible
tracers such as 0-15 H2O or Xe-i33 (25). The prolonged
half-time during low-flow ischemia shown in Fig. 3
provided further evidence for the assumption that the
compounds tested exhibit a component ofclearance that
resembles diffusible tracers during the early phase, be
cause flow and washout are inversely related for diffus
ible tracers according to Kety's formula (32).

From Compartment 1 the labeled amino acids can
enter a second pool (Compartment 3 in Fig. 9) consistent
with metabolic trapping, such as incorporation into
proteins, storage in an amino acid pool, or involvement
in intermediate amino acid cycles such as the malate
aspartate shuttle (2). This compartment is represented
by the late slow phase (t112 = 94.3 Â±37.5 mm) on the
time-activity curves for N-i3 labeled Ala, Glu, Asp, and
Leu. However, certain metabolic stepsâ€”suchas transfer
of N-i 3-labeled amino groups by transamination

cannot affect the tracer kinetics for N-i3 Gin or for C-i 1
Asp and C-i 1 Oxal during the late phase, because the
removal of the co-amino group of Gln is not subject to
transamination but is due to glutamine synthetase ac
tivity. The activity of this enzyme is very low in respect
to deamination. This limits the incorporation of these
tracers into the metabolic pool represented by Com
partment 3, and can thus account for the faster clearance

of these latter compounds during the late phase. The t1,2
of the late phase for N-i 3 Glu, C-i 1Asp, and C- 11Oxai
(32.5 Â±6.2 mm) is therefore comparable to that of the
late phase for N-i 3 amino acids after transaminase in
hibition (t112 40.6 Â±16.9 mm). Thus, a substantial
fraction of Compartment 3 (unmasked by transaminase
inhibition) seems to represent a slow metabolic pool re
lated to N-i3-labeled amino acids associated with pro
tein synthesis and protein degradation.

Carbon-i 1 Asp in general exhibited a kinetic pattern
like that of N-13-labeled amino acids during the early
phase. The nearly identical tracer kinetics of C-i 1 Asp
and C-i 1 Oxal, and the appearance of C-i 1 CO2 oc
curring 100â€”200sec after administration of C-i 1 Asp,
suggest that initial transamination occurs rather rapidly.
The carbon skeleton subsequently enters the citric acid
cycle, after which the C-i 1 label is released into the
tissue CO2 pool as an additional compartment (Corn
partment 2 in Fig. 9). This compartment is represented
by the intermediate phase of the time-activity curves of
C-i 1 Asp and C-i 1 Oxal. This phase therefore reflects
the metabolic breakdown of Oxal in the citric acid cycle,
and its half-time of 2â€”3mm is comparable with the 3â€”8
mm reported for the CO2 clearance from (3-oxidation of
C-i 1 palmitic acid or C-i 1acetic acid (33,34), and may
indicate citric acid cycle activity. Therefore, the tracer
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in metabolically ischemic myocardium to account for
increased retention of the amino group. Further work is
needed to clarify this observation. An increased need for
amino acid carbon skeletons for intermediary anaerobic
pathwaysâ€”the citric acid cycle or the aspartate-succi
nate pathway (5)â€”and a decreased availability of py
ruvate and a-ketoglutarate as carriers could cause an
accumulation of the labeled amino nitrogen. One pos
sibiiity is that the enzyme glutamate dehydrogenase
deaminates N-i 3 Glu, and the increased N- i 3 residue
activity observed during ischemia reflects labeled am

monia originating from the labeled amino acids.

No conclusive changes were observed with the C-
i 1-labeled compounds during ischemia. Either the ac
tivity of the citric acid cycle was still normal in our
ischemia experiments, the metabolic derangements did
not affect the C-i 1 tracer kinetics, or Oxal was chan
neled into the postulated aspartate-succinate shuttle,
with release of activity in the form of C-i 1 succinate
(5,6).

The increased residue of N-i 3 activity on the PCT
images subsequent to injection of N-i 3-labeled Ala and
Glu, despite markedly reduced flow during pacing-in
duced ischemia, confirmed our observations from the
intracoronary injection studies. Nitrogen-i 3 activity
from these labeled amino acids was disproportionately
high relative to flow in the ischemic segment on the im
ages obtained 5â€”iOmm after i.v. injection, or consistent
with the increased residue fraction in our first-pass
studies. The image quality for N-i 3 Glu and Ala was
rather poor compared with that of N-i 3 NH3 (heart
to-lung ratio ofonly 1.63 for N-i 3 Glu and 2.83 for Ala,
but 74.9 for N-13 NH3). This is not unexpected because
the residue fraction for N-13 Glu was 7.3% and for N-13
Ala 14.4%(Fig. 4) as compared with 80% for N-l3 NH3
(23,24). The results of the PCT studies suggest the
possibility of imaging ischemic myocardium by a dou
ble-tracer technique using N-i3 NH3 or Rb-82 (35) as
flow tracers and N-i 3-labeled amino acid for PCT
imaging of ischemic myocardium.

Our results do not appear do be entirely consistent
with the reported or postulated interactions of amino
acids with metabolism in myocardial ischemia (4,6,7).
Although quantification of the initial tracer extraction
was limited, as discussed earlier, we could exclude a
markedly higher extraction of N-i3 Glu and a decreased
uptake or accelerated release of N-i 3 Ala during
ischemia, as one would expect from the observations of
Taegtmeyer et al. (4), Sanborn et al. (6), and Mudge et
al. (7). Two reasons could explain this discrepancy. First,
we cannot follow the pathway of the specific labeled
amino acids, but can trace the fate only of the labeled
amino group. As seen by the early onset of C-i 1CO2
release at 100â€”200sec after C-i 1 Asp administration,
initial transamination of exogenous amino acids seems
to occur almost instantaneously in dog myocardium. This

cytoplasmcapillary

Ii

FIG. 9. Proposedthree-compartmentmodel for uptake, retention,
and clearance of N-13- and C-l 1-labeledamIno acids (AA). Die
cusslon in text. (rCA trlcarboxylic acid cycle, AA' aminoacid
newly formed after transaminatlon).

kinetics of C-i 1Asp and C-i 1Oxal appear to adequately
be described by a three-compartment model.

The validity of this model for the noninvasive mea
surement of amino acid metabolism in man needs further
investigation. The tracer will be administered intrave
nously rather than as an intracoronary bolus. This will
affect in particular the initial uptake and washout ki
netics. The knowledge of the arterial-blood time-activity
curve (input function) and the myocardial tissue kinetics
will be essential for a deconvoiution approach. Both the
input function and myocardial tracer concentrations,
however, can be obtained, quantitatively and nontrau
matically, by serial PCT imaging of the heart itself, as
recently shown in our laboratory (31).

Effect of fransaminase inhibition. When transami
nation was inhibited, the intracellular distribution of
C-i 1 Asp appeared to be limited to two compartments,
resulting in a biphasic time-activity curve nearly iden

tical to that of N-i 3 Asp after transaminase inhibition.
Moreover, C-I 1 CO2 production was abolished, whereas

the kinetics of C-i 1 Oxal were not effected by amino
oxyacetate (see Fig. 6). For N-i3-iabeled amino acids,
transamination is apparently necessary for long-term
retention of the amino nitrogen, as discussed above. The
clearance of the late phase for all N-i 3 L-amino acids
(Fig. 6) was therefore accelerated after amino-oxyace
tate infusionâ€”with the exception of N-i 3 GIn, as men
tioned earlier.

Effect of ischemia. During ischemia, more N-i 3 ni
trogen became trapped in the myocytes, as shown by the
higher residue fraction. In low-flow ischernia this could
be explained by the diminished washout of tracer sub
strate (from Compartment 1) during the early phase.
More labeled nitrogen will then be available for meta
bolic incorporation, due to the reduced competition of
back diffusion to plasma. However, the residue fraction
was also consistently elevated for N-13-labeled Ala, Glu,
Asp, and Leu during the period of slow recovery after
ischemia, indicating that an additional mechanism exists
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FIG. 10. Positron computed tomograms
obtained from patient under treatment of
flbrosarcoma supplied by LAD, after in

N-13 NH3 jectionof N-13 ammoniaandN-13 gluts
mate (N-13 Glu) subsequentto selective
infusion of adriamycine into left anterior
descending coronary artery. N-l3 NH,
Images(upperpanel)demonstratenormal
blood flow to interventricular septum and
lateralwall,whereasthereis markedly

N-13 Glu decreased uptake and/or retention of ac

tivity in interventricular septum after I.v.
injection of N-13 Glu.

direct histo-radiochemical assays are needed to validate
the model, in particular under ischemic conditions, i.e.,
to evaluate the significance of Glu and Asp as energy
substrates via the aspartate-succinate pathway. Which
specific N-13-labeled amino acid is to be used seems not

to be an important issue because of the very fast initial
transamination. Our data also suggest that measure
ments of protein turnover seem possible because the
clearance of the late phase of the C-i i-labeled corn
pounds (or of N-13-iabeied Ala, Glu, Asp, and Leu after
transaminase inhibition) could be related to amino acids
that have been incorporated into protein. Recent results
obtained in our laboratory with C-i 1 Leu, N-13 Val, and
N- 13 Ile (37) were suggestive of the kinetics ofthe N-i 3-
and C-i i-labeled tracers reported in this paper. Thus,
whether the C-i 1 or N-i 3 label, or some other amino
acid, is preferable for the latter purpose needs further
evaluation.

FOOTNOTES

S The common three-letter abbreviations for the L-amino acids are

used throughout this article: Ala alanine; Glu = glutamate; Gln
glutamine; Asp aspartate; Leu = leucine; Val = valine; Ile = iso
leucine.

t Statham P23Db.
I Gould-Brush 200.

S Infusion set No. 5310, Deseret.
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