
oronary artery bypass graft surgery has been in
creasingly focused to improve regional function and to
prevent further event in patients with coronary artery
disease (CAD). To identify myocardial area at risk,
stress thallium-201 (201T1)imaging has been widely used
(1-6). Indeed, the hypoperfused areas with redistribu
tion usually representischemic but viable myocardium
which are likely to improve in regional perfusion and
asynergy after the revascularization. On the other hand,
the hypoperfused areas without redistribution are usu
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ally considered myocardial scar (4â€”6).However, recent
reports pointed out the limitation ofthis criteria because
some persistent defects on 201'fl contained reversible
ischemia(7â€”9).

We have recently demonstrated that positron tomog
raphy with separate injections of nitrogen-l3 (â€˜3N)am
monia at rest and during exercise showed transient
perfusion defects more often than the stress-delayed
201'fltomography (9). We hypothesized that rest-stress
â€˜3Nammonia positron tomography may delineate re
versible ischemia more accurately than 2o1@flimaging.
To validate this assumption, [â€˜3Njammoniapositron
tomography was performed before and after coronary
artery bypass graft surgery to investigate the predictive
value of preoperativetransient and persistentperfusion
defects on [â€˜3N]ammonia positron tomography for re
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To determinethe predictivevalueof stress [13N]ammoniapositronemission tomography
(PET)forreversibleischemia,31 patientswithcoronaryarterydisease underwentrest-stress
[13NjammoniaPET before and after coronary artery bypass surgery. The circumferential
profileanalysiswas appliedto determinethe presence of transientdefect (TD)and persistent
defect (PD) preoperatively, and the fate of perfusion abnormality and asynergy after the
surgerywas assessed. PreoperativePETdemonstrated100 segmentswithperfusion
abnormalities, including69 TD and 31 PD. Fifty-sixof the 69 TD (81%) improved in regional
perfusion, whileonly four of 31 PD (13%) improved in perfusion postoperatively (p < 0.001).
Of 75 segments showing regional asynergy on contrast or radionuclideventriculography
preoperatively, 34 of 48 segments with TD (71%) improved in asynergy, whileonly fiveof 27
segments withPD (19%)improvedinasynergypostoperatively(p < 0.001). Stress-delayed
@Â°1Tltomographywas performedin22 of them. The predictivevalues for improvementin

perfusion (77%) and asynergy (65%) were similar as those by [13N]ammonia PET (81% and
71%, respectively).However,thepredictivevaluesfornoimprovementinperfusionand
asynergy by @Â°1Tltended to be low (66% and 58%, respectively), as compared to those in 13N
ammonia PET (87%; p < 0.05 and 81 %; p = 0.09, respectively). We condude that an
accurate prediction of reversible ischemia and asynergy can be achieved with rest-stress [13NJ
ammonia PET. Particularly,it can identifyirreversibleareas more accurately than the
commonlyperformedstress-delayed @Â°1Tlimaging.
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5 mm (stress scan) and at 3 hr (delayed scan) after 2.5â€”3mCi
(93â€”111MBq)of@Â°'Tlinjectionatpeakexercise.Theexercise
protocolwas the same as for the stress [â€˜3N]ammoniastudy.
The gamma camerarotatedfrom left posterioroblique to right
anterior oblique (RAO) projections, collecting 32 views with
30 sec each.A seriesof transverseslicesof the myocardium
were reconstructed,and then, cardiacshort-axisand long-axis
slices were also reorganized (15,16).

Analysisof PerfusionImages
The [13Njammoniaand @Â°1Tlimages were independently

observedwithout knowledgeof coronary angiographicdata.
Three transverse slices, upper, middle, and lower sections of
the myocardiumwereselectedfromthe [â€˜3N]ammoniaand
20I'fl images for circumferential proffle analysis (9,13,17).

Eachcircumferentialprofilecurve was compared to the lower
limit of the normal values for objective assessment of perfu
sionabnormality.Thelowerlimitwasdeterminedasthemean
minus two standard deviation of the value at each segment
from the 12 normal subjects who had <5% likelihood of
coronary artery disease based on Bayesian analysis ofage, sex,
symptomsand the resultsof exerciseECG (18). The left
ventricularmyocardiumwasdividedinto five segmentscor
respondingto those of regionalwall motion analysis(17,19).
Thesegmentswithperfusionbelowthelowerlimits(themean
â€” 2 s.d. values of the normals) covering at least 30Â° of the

proffles were considered perfusion defects. The resting and
stress perfusion in the same slice was compared on the circum
ferentialprofilecurves(maximumof 100%each).Whenthe
stress perfusion was lO% below the resting (or delayed)
perfusion on the profile curve, the segments were defined as
transientperfusion defects, based on the study of the normal
subjects (12,13). Those with similar hypoperfusionboth at
stress or rest (or delayed) with <10% in difference on the
profile curve were defined as persistent perfusion defects (9).
Whenthe postoperativeperfusionat rest improved10%or
greater than the preoperative perfusion on the profile curves
(maximum of 100%each), the segment was considered im
proved perfusion.

This study was designed to assess how accurately the pre
operative stress perfusion studies predict improvement in
perfusionandwallmotionpostoperatively.

Coronary Bypass Surgery
All patientsunderwentgraftingof the saphenousvein or

internal mammary artery within 4 wk of the preoperative
positron scanning. One patient received one bypass graft, 14
patients had two grafts, and 16 patients had three grafts. Of
total 77 bypassgrafts,60 (78%)were patent on the arteriog
raphyperformed 1 mo after the operation. Two patients were
believedto have had a smallperioperativemyocardialinfarc
tion. Three patients received aneurysmectomy.

Statistical Analysis
Thechi-squaretestorFisher'sexacttestwasusedto deter

mine the significanceof differencein rates of occurance.

RESULTS

Nitrogen-13 Ammonia Findings
The rest-stress [â€˜3Nlammoniapositron tomography

detected 100 segments with abnormal perfusion pre

sponse of regional perfusion and wall motion resulting
from coronary revascularization.

MATERIALS AND METhODS

Patient Population
Thirty-one consecutive patients (28 men and 3 women)

who had been referredfor coronaryarterybypassgraftingand
whounderwentrest-stressmyocardialperfusionstudiesusing
positron emissiontomography(PET) and [13N@ammoniabe
fore and afterthe surgerywere selected for the study. The age
ranged from 34 to 68 yr with a mean value of 56 yr old. The
positron scan was performedwithin 1 mo beforethe surgery
andrepeated1to 2 moafterthesurgery.Twenty-twopatients
had a history of myocardial infarction. All patients gave a
written informed consent.

Wall MotionAnalysis
To assessregionalwallmotion17patientsunderwentx-ray

contrast ventriculography in right anterior and left anterior
oblique (LAO) projections,and 14 patients received radio
nucide gated ventriculographyin anterior and LAO projec
tions followingi.v. injectionof 740 MBq(20 mCi)of techne
tium-99m (@Â°â€˜Tc)RBCs.The postoperativeventriculograms
were taken 4 to 8 wk after the surgery.The left ventricle was
divided into five regions:septal,apical, anterior, lateral, and
inferior. Wall motion was visually assessed by three experi
enced observers and graded on a scale of 3 to â€”1(normal,
mild hypokinetic, severely hypokinetic, akinetic, or dyski
netic).

When the score of the wall motion increased by one or
moreaftertheoperationby eachobserver,thesegmentswere
defined as those with improved wall motion postoperatively.
The septalwallwasexcludedin thisanalysisbecauseparadox
ical motion in septal wall is occasionally observed postopera
tively (10).

PositronPerfusionStudy
Positron tomography was performed with a whole-body,

multislicepositrontomograph(PositologicaIII,HitachiCo.)
(11). The method has been described in detail elsewhere (12-
14). Briefly, resting positron perfusion scan was performed
3 mm following i.v. injection of 10â€”20mCi (370â€”740MBq)
of [â€˜3N]ammoniafor 5 mm. Two hours later, the graded
exercisewasperformedusingasupineergometer.Theexercise
continued until the patient had fatigue, severe chest pain,
dyspnea,more than 0.2 mV of ST-segmentdepression,or
85% ofthe age predicted maximal heart rate (9,12). Another
dose of [â€˜3N]ammoniawas injected at peak exercise and the
exercise was continued another 30â€”60sec. The exercise per
fusion scan was performed 3 mm after the tracer injection.
The postoperative exercise duration was kept the same or
longerthanthepreoperativeexercisein eachpatient.

In each positronscan,contiguoustransverseslicesof the
myocardiumwereobtainedbothat restand duringexercise
(12â€”14).

ThaUium-201 Imagrng
Twenty-twopatientsalsounderwent201'fltomographicim

aging using a rotating gamma camera (400AC/T; General
Electric,Milwaukee,WI) within 1 wk of the [â€˜3N]ammonia
positron perfusion study. Tomographic acquisition started
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TABLEIComparison
of Preoperative Rest-Stress 13NAmmoniaFindings
and PostoperativePerfusionResponsePreoperative

rest
stress[13N]ammoniafindingsTransient

Persistentdefect
defectOverallImproved

56 460PostoperativeperfusionNot

improved 13 2740Overall

69 31 100

Preoperativestress
delayed 20111findingsTransient

Persistentdefect
defectOverallImproved27

1340PostoperativeperfusionNot

improved

Overall8

25

35 3833 73

Improved34539PostoperativeWall

motionNot
improved

Overall1

4

4822 2736 75

71%,while no improvement in wall motion was cor
rectly predicted in 87%.

PathologicalQ wave on electrocardiogramwas oh
served in 52 segments with perfusion abnormalities.
Thirty-four of them (64%) showed transient perfusion
defect on [â€˜3N]ammoniastudy. Postoperatively, im
provement in perfusion was observed in 68% of those
with transient defect, while only 11% of those with
persistent defect improved in perfusion (p < 0.001).
Similarly, of 44 segments with regional wall motion
abnormality showing pathologic Q wave on electrocar
diogram,25 segment(57%)showedtransient defecton
[â€˜3N]ammoniastudy. Postoperatively, improvement in
wall motion was observed in 72% ofthose with transient
defect and only in 31 % of those with persistent defect
(p < 0.01).

Thallium-201 Findings
Twenty-twopatients underwent preoperativestress

3-hr delayed 2O1i@tomographic imaging. It showed 73
segments with perfusion abnormalities, including 35
segments with transient defect with redistribution and
38 segments with persistent defect. The postoperative
improvement in perfusion was observed in 27 of 35
segments (77%) with transient defect, while only 13 of
the 38 segments (34%) with persistent defect showed
the improvement (p < 0.001) (Table 3). The predictive
value for improvement in perfusion by 201'fl study
(77%) was high and similar with that by [â€˜3N]ammonia
study (8 1%). However, the predictive value for no
improvement in perfusion by 201T1study (66%) was
significantly lower than that by [13N]ammonia study
(87%) (p < 0.05), indicating that [â€˜3N]ammonia posi
tron tomography identified irreversible perfusion ab
normalities more accurately than 201T1tomography.

There were 56 segments with wall motion abnormal
ity in 22 patients who underwent 201'fltomography. Of
23 segments with transient defect, 15 segments (65%)
improved in wall motion postoperatively, while 14 of
33 segments (42%) with persistent defect also improved
in wall motion (no significant difference)(Table 4). The

TABLE 3
Comparison of Preoperative Stress-Delayed @Â°@Tl
Findings and Postoperative Perfusion Response

operatively, including 69 segments with transient per
fusion defect and 31 segments with persistentperfusion
defect. Postoperatively, 60 segments (60%) were noted
to improve in resting perfusion. The improvement was
observed in 56 of 69 segments (81%) with transient
defect, while only four of 31 segments (13%) with
persistent defect (p < 0.001) (Table 1). Thus, the post
operative improvement in perfusionwas accuratelypre
dicted in 8 1%, while no improvement in perfusion was
correctly predicted in 87%. Of 13 segments with tran
sient defect which did not improve in perfusion post
operatively, six segments were supplied by the occluded
grafts.

Seventy-five segments with regional wall motion ab
normality were shown preoperatively by contrast or
radionuclide ventriculography.Postoperatively, 39 seg
ments (54%) improved in wall motion. The improve
ment in wall motion was observed in 34 of48 segments
with transient defect (71%), while only five of 27 seg
ments(l9%) with persistent defect revealed an improve
ment in wall motion (p < 0.001) (Table 2). Thus, the
improvement in wall motion was correctly predicted in

TABLE2
Comparison of Preoperative Rest-Stress 13NAmmonia

Findingsand PostoperativeWallMotionResponse
Preoperative rest

stress [â€˜3N]ammonia
findings

Transient Persistent
defect defect Overall
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Preoperative stress
delayed20111findingsTransient

Persistentdefect
defectOverallImproved15

1429PostoperativeWall

motionNot
improved

Overall8

19

23 3327 56

apical and septal walls at stress compared to resting
perfusion was observed. The circumferential proffle
analysis ofthe preoperativeresting and stressperfusion
showed resting hypoperfusion at apex with a stress
induced ischemia in the same region (Fig. 3A). Post
operativeperfusionstudy at rest and stressshowsa
slight improvement in perfusion in apical region
without stress-induced ischemia (Figs. 2 and 3B).
The contrast ventriculography showed akinetic wall
motion in apical and anterior segments preoperatively,
where asynergy significantly improved postoperatively
(Fig. 4). Thallium-20l tomographic images, however,
showed a persistent perfusion defect in the apical wall
without any redistribution, although the postoperative
20Vfl study showed a slight improvement in perfusion

inthesamearea(Fig.5).

DISCUSSION

Preoperative Prediction of Reversible Ischemia
This study demonstrates that an accurate prediction

of reversible ischemia and asynergy can be achieved
with preoperative rest-stress myocardial positron to
mography using [â€˜3N]ammonia. The predictive values
by this technique seem to be higherthan those by stress
delayed 20111tomography. Thus, the present results
support our previous findings that rest-stress [â€˜3N]am
moniapositrontomographyidentifiedtransientperfu
sion defects more often than stress-delayed2oVflimag
ing, which may underestimate the presence of ischemic
but viable myocardium (9,17).

Technical Considerations
Since positron emission tomography provides high

quality images with higher spatial resolution and more

TABLE 4
Compatison of Preoperative Stress-Delayed @Â°i1

Findingsand PostoperativeWallMotionResponse

predictivevalue for improvement in wall motion was
similar by 201@flstudy (65%) and [â€˜3N]ammoniastudy
(71%). However, the predictive value for no improve
ment in wall motion by 201'flstudy (58%) tended to be
lower than that by [â€˜3N]ammoniastudy (81%) (p =
0.09).

Case Presentation
Figure 1 shows resting and stress myocardial perfu

sion images using [â€˜3Nlammoniaof a patient with in
fenor wall myocardial infarction before and after cor
onary bypass graft surgery. A resting hypoperfusion in
lateralwalland stress-inducedischemiain anterolateral
wall were observed before the operation. Postopera
tively, the perfusion improved in anterolateral wall
without stress induced ischemia.

Figure 2 shows resting and stress [â€˜3N]ammonia im
ages of a patient with anterior wall myocardial infarc
tion. Preoperatively,a perfusion defect at the apex both
at rest and stress with mildly decreased perfusion in

I
FIGURE 1
One representative transverse slice
of resting(left)and stress (nght)pos
itrontomographyusing [13N]ammo
nia before (top) and after (bottom)
coronary bypass graft surgery of a
patient with inferior wall myocardial
infarction. Preoperatively, resting hy
poperfusion inlateralwalland stress
induced ischemia in anterolateral wall
(arrows)are noted, indicatingpres
ence of reversible ischemia. Postop
erative [13Nlammonia positron to
mography shows an improvement in
perfusion in anterolateral wall (arrow
heads) without stress-induced ische
mia.
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STRESS
14-1:3F@110NIA

Volume30 â€¢Number8 â€¢August1989 1305

â€¢/@

REST



FIGURE 2
One transverse slice of resting (left)
and stress (right)[13Nlammoniap05-
itron tomography before (top) and
after (bottom)coronarybypass sur
gary of a patient with anterior wall
myocardial infarction. Preoperative
images show perfusion defect both
at rest and stress in apical region
with furtherdecrease in hypoperfu
sioii at stress in apical and septal
regions (arrows), indicatingpresence
ofmyocardialscarandischemia.The
postoperativepositronimages show
mild improvement in perfusion in ap
ical region (arrow heads) without any
stress-induced ischemia.
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STRESS

-Ii
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count rate than single photon emission tomography
using a rotating gamma camera (9,20), [â€˜3N]ammonia
perfusion study potentially permits more precise eval
uation of regional perfusion. In addition, the short
physical half-lifeof['3Njammonia (10 mm) enables two
separate perfusion studies at rest and various physio
logic or pharmacologic interventions within a short
interval, that should be valuable for assessing myocar
dial perfusion reserveand tissue viability.

Significance of Transient Perfusion Defect
Althoughthe mechanism of [â€˜3N]ammoniadistribu

tion is controversial (21,22), its early distribution rep
resents regional myocardial blood flow within a phys
iologicalrange (23,24), just as other monovalent cati
onic tracers such as 201fl Thallium-201 distribution
has been extensively investigated in experimental
models as well as in patients with coronary artery
disease (25â€”27).Bodenheimer et al. (27) on the study
of 201T1and interventional ventriculography described
that 78% ofthe segments with stress-inducedperfusion
defect and either normal or impaired myocardial per
fusion on 2OVflat rest had reversible asynergy, while all
the segments with persistent 201Tldefect both at rest
and stress had irreversibleasynergy. Our recent papers
also showed that the areas with transient perfusion
defecton [â€˜3Nlammoniahad metabolicactivityon flu
orene-l8 (â€˜8F)fluorodeoxyglucose study more often and
had less regional asynergy than those with persistent
perfusion defect (28,29). These data suggest that a re
gion with stress-induced hypoperfusion on [â€˜3NJam
monia representstransient myocardial ischemia, while
that with persistent perfusion defect on [â€˜3N]ammonia
both at rest and stress represents myocardial scar. The
current data is consistent with those previous findings.

More importantly, the transient perfusion defect on

[â€˜3N]ammoniastudy was observed in @@@-60%of the
segments showing pathologic Q wave on electrocardi
ogram, and most ofthem improved postoperatively. In
this respect, stress perfusion study is considered more
accurate for delineating reversible ischemia than elec
trocardiographic study (5).

Thallium-201 Redistribution
Analysis of 201'flredistribution has been considered

as one of the most valuable noninvasive methods at
present for detecting ischemic but viable myocardium
(4-6). However, this technique appears to underesti
mate the presence of reversible ischemia (7â€”9).In ad
dition, the recent study using 201Tlscan and [â€˜8F]deox
yglucose scan showed that the persistent 201'fldefects
often contain metabolically active myocardium (17,30,
31). The present study also demonstrated that -@40%
of those with persistent 201'fldefect also improved in
regional perfusion and asynergyafter the surgery.

In the segments with persistent perfusion defect on
201Tl,the coronary flow was so reduced that redistri
bution occurred too slow to be seen within 3-4 hr. In
this respect, much longer delayed scan, such as 24-hr
scan (33,34) might potentially enhance the identifica
tion of reversible ischemia, although the image quality
may become relatively poor. Again, the short half-life
tracers, such as [â€˜3N]ammoniaare suitable for repetitive
measurement of myocardial perfusion, so that rest and
stress perfusion study can be performed within 2â€”3hr.

Relation with Regional Asynergy
The pathophysiology leading to the development of

asynergybut yet viable myocardium remains poorly
understood. The transient perfusion defect, a mamfes
tation of stress-induced ischemia was frequently oh

served in regions of reversible asynergy, particularly in
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FIGURE 3
A: The preoperativecircumferential
profilecurves of resting(solidcurve)
and stress (dotted curve) perfusions
of the same patient.Restinghypo
perfusion in apical and septal region
with stress-induced ischemia in sep
tal regions (arrows) is clearly seen
wfth this semuquantativeanalysis. B:
The preoperative(dotted curve)and
postoperative(solid curve)circumfer
ential profile curves of resting perfu
sionofthesameslicefromthesame
patient. This semiquantitative analy
sis demonstratedmildimprovement
in perfusionin apicalregionpostop
eratively(arrows).
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those with severe asynergy (5). Those of impaired wall
motion may be due to reversible ischemia leading to
depletion of glycogen, high-energy phosphate stores or
other myocardial cellular process that may prolong
mechanical recovery (34,35). This is consistent with
our present finding that some of transient ischemic
segments did not show a significant improvement in
asynergy within 1 to 2 mo after the operation, leading
to relatively low predictive values for the improvement
in asynergy,as compared to those for the improvement
in perfusion.

Limitations
One ofthe major limitations of [â€˜3N]ammoniaposi

tron tomography is that it requires an expensive posi
tron camera and an in-house cyclotron, which to date
has been investigated only in research environment.

However, since positron tomography provides unique
and clinically important information about a disease
process and its management, this technique is expected
to spread gradually into a wide clinical environment.
In the analysis of myocardial perfusion by positron
tomography, rubidium-82, a generator-produced posi
tron tracerhas potential for making the positron study
a more-widely available technique (36).

Since this study was designed for prospective assess
ment of reversible ischemia and asynergy, those with
occluded grafts (@20%of the segments) were also in
cluded in this analysis. When those segments were
excluded, even higherpredictivevalues will be achieved.

Glucose-analog [â€˜8F]fluorodeoxyglucoseand posi
tron tomography have been applied in patients with
coronary artery disease for identifying tissue viability
(37,38). An area with an increased glucose utilization
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is considered as ischemic but viable tissue which is
likely to improve regional function after revasculariza
tion. Presence of metabolism seems to be a better
indicator for tissue viability than the flow reserve.How
ever, whether the metabolic imaging is superior to the
stress perfusion imaging for identifying reversible ische
mia remains unknown.

Clinical Implications
Reversible ischemia and asynergy after coronary by

pass surgery can be accurately identified by preoperative
rest-stress positron perfusion tomography using [â€˜3NJ
ammonia. Those with stress-induced transient perfu
sion defect are likely to improve in regional perfusion
and asynergy, while those with persistent perfusion
defect both at rest and stress are least likely to improve
postoperatively. The predictive values for the improve
ment were similarly high as those by stress-delayed 201T1
tomography. However, the predictive values for no

FIGURE 5
One representativetransverse slice
of stress(left) and delayed(right)
20111 tomography of the same pa
tient. Preoperative images (top)
show a persistentperfusiondefect in
apical wallwithout any redistribution.
The perfusion defect seems to be
slightly smaller postoperatively (bet
tom)(arrows).

improvement by [â€˜3N]ammoniapositron tomography
tend to be higher than those by 2oVfl tomography,
probablydue to higherquality images and two separate
injectionofthe tracer in the former.Thus, preoperative
rest-stress positron perfusion tomography using [â€˜3NJ
ammonia appearsto be a promisingnoninvasivemeans
for identifying reversible ischemia and predicting the
effectsof coronary bypasssurgeryin patients with cor
onary artery disease.
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