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Introduction

Myocardial perfusion imaging using PET/CT with shorlived

radioisotopes, such as82Rb or13NH,;, has been shown to have
high sensitivity and specificity for diagnosis and characteriza-
tion of coronary artery disease. Improved attenuation correction

with PET/CT, as well as dynamic imaging during phanacologic

stress for the accurate delineation of stress-inducedLV dysfunc-
tion, have contributed to the overall high accuracy of PET/CT
myocardial perfusion. The quantitative nature of PET and the

dynamic imaging protocols enable quantification of m yocardial

blood flow (MBF) during rest and peak stress, and tre calcula-
tion of coronary flow reserve which is a measure of the vaso-
dilatory reserve of the myocardium. Dynamic PET hadeen the

most widely used modality for myocardial flow quant ification,

although similar information has been obtained noni nvasively
by MRI and Doppler echocardiography. However, despe the

increasing availability of PET myocardial perfusion the use of

quantification has not been widespread and has been limited

to a few institutions with major research interests and special
expertise in this area.

The standard method of evaluation of myocardial perfusion is
based on its relative distribution. It assumes that the region
showing the highest perfusion is normal and that it can be used
as a reference. The rest of the myocardial uptake $ then normal-

ized to the region of the highest uptake. In situations where the
region showing the highest perfusion is actually ischemic, this
may lead to an underestimation of the true extent of disease. In
some cases, it may result in an interpretation of globally reduced
perfusion as normal on a relative evaluation. Flow quantifica-

tion helps in these situations by providing parameters, such as
blood flow during peak stress. With the introduction of syngo®
Dynamic PET, a commercially available and user-frizdly soft-

ware for the quantification of myocardial blood flo w and coro-
nary flow reserve, cardiac PET/CT users would be &bto perform

such quantitative studies on a regular basis to help improve

diagnostic confidence in a wide range of coronary artery disease
states, especially in multi-vessel disease.

In view of the availability of such quantitative too Is, it is impor-
tant to review the current understanding of the clin ical relevance
of PET myocardial blood flow quantification in order to highlight
the clinical possibilities and value to potential users.



Coronary Physiology

Myocardial blood flow, at rest and during exercise, is controlled
through an auto-regulation mechanism that is primarily medi-
ated by the vascular resistance of precapillary arérioles (diam-
eter less than 100#m) and pre-arterioles (diameter from ~500
#m to ~100 #m). Coronary auto-regulation is intrinsic ally able
to maintain a constant blood flow despite changes in perfusion
pressure under normal and constant myocardial oxygendemand,
as in the resting state. Resting myocardial flow isalso maintained
constant over a wide range of aortic pressures. However, there
are factors that increase myocardial oxygen demand ad can
induce an increase in resting flow. Those factors irclude arterial
hypertension, increased myocardial contractility, increased left-
ventricular wall stress and tachycardia.

Exercise also increases myocardial oxygen demand.t Icreates
an increased cardiac workload secondary to the inceased heart
rate, contractility and blood pressure. In response to increasing
myocardial oxygen demand, there is a decrease in pecapillary
arteriolar resistance. This can cause arteriolar vaodilatation
and lead to increased myocardial blood flow in proportion to
the oxygen demand. In subjects with normal coronary arteries,
resting blood flow is in the range of 0.8 - 1.2 ml/gm/min. A
progressive increase in cardiac workload causes grater hyper-
emia. Myocardial flow can increase two-to-three fold with peak
exercise. The term, Coronary Flow Reserve, signifiethe ability of
the myocardium to increase blood flow in response to maximal
exercise. Flow reserve is the ratio of the myocardal blood flow
at peak stress, or maximal vasodilatation, to the fow at rest. In
normal adults, the flow reserve ratio is usually 2.0 or higher.

The major epicardial arteries normally contribute less than five
percent to the coronary vascular resistance. However the pres-
ence of stenosis may drastically change this situaion. A pres-
sure drop across a stenosis varies directly with thelength of the

stenosis and inversely with the fourth power of the radius. Thus,
resistance almost triples as the severity of the senosis increases
by 10 percent (for example, from 80 percent to 90 percent). For
stenoses up to 80 percent, resting myocardial bloodflow is fairly

well maintained since baseline myocardial oxygen demand is not
increased and the arteriolar auto-regulatory mechanism is able
to compensate for the increased vascular resistancecontributed

by epicardial coronary arteries.

Atherosclerosis limits compensatory vasodilatation o the
epicardial vessels and arterioles, which can impedethe blood
flow. This can also occur with lower degrees of stenosis at peak

stress. Flow impairment in the myocardium is not uniform across
the left ventricular thickness. The subendocardial bood flow is
more impaired than the rest of the myocardium. When arteriolar
perfusion pressure is reduced, perfusion is reducedearlier in the
subendocardial than in the subepicardial layers. Tke subendo-
cardium becomes even more susceptible to reduced pefusion if
there is diastolic shortening, as with tachycardia related to stress
or in presence of myocardial hypertrophy.

MBF Response to Stenosis

Flow-mediated vasodilatation is achieved through the release of
vasodilators, such as nitrous oxide, EDRF (endothelim-derived
relaxation factor), and prostacyclin, by the endothelial cells.
The resting tone of the coronary resistive vessels igntrinsically
high. This allows the coronary circulation to increase the blood
flow with an increase in myocardial oxygen demand. Adenosine
acts upon coronary arterioles and is one of the key mediators
of metabolic blood flow regulation. Adenosine is fo rmed in the
myocytes by the degradation of adenine nucleotides under the
conditions of increased ATP utilization. Adenosine stimulates
the A2 adenosine receptors on arteriolar smooth musde and
exerts a powerful arteriolar dilator effect. As a result, there is
an increase in the interstitial adenosine concentration in parallel
to the increase in coronary blood flow. Therefore, adenosine or
dipyridamole infusion can produce a near maximal vasodilata-
tion of the coronary microcirculation. Myocardial b lood flow can
increase three to four times during peak exercise to match the
increase in myocardial oxygen demand. The presenceof signifi-
cant coronary stenosis reduces the ability of cororary circula-
tion to increase MBF to match the increased workload. Maximal
vasodilatation with adenosine precipitates a similar reduction
in myocardial blood flow in the area supplied by the stenosed
coronary artery with the shunting of blood to the ar eas supplied
by coronary arteries without flow limitation. This reduces the
blood flow at peak stress in the affected segment. Resting blood
flow is usually maintained at a normal level, even in segments
supplied by stenotic arteries, since resting myocadial oxygen
demand is lower and can be met by auto-regulatory mechanisms
unless there is severe stenosis with flow impairment, even at
rest. Thus, there is a progressive decrease in CFRitl increasing
stenosis levels. It is important to note that a mild-to-moderate
reduction in the blood flow with maximal vasodilata tion may be
characterized as a flow deficit, but it may not be sufficiently low
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enough to elicit ischemia (Graph 1). However, peak fow and a
CFR reduction beyond a certain level is associated ith progres-

sive ischemia with consequent metabolic changes inthe cardiac
myocytes. Consequently, an early reduction of peakstress flow
and CFR are often the initial signs of early coronay artery
disease. This makes flow quantification an important tool for

characterization of at-risk patients. In the absence of coronary
stenosis, a reduction in CFR reflects coronary miacirculatory

dysfunction, which is often associated with systemic diseases
like diabetes and hyperlipidemia.

Hibernating Myocardium

Although resting blood flow in myocardial segments supplied by
stenotic coronary arteries are usually maintained & near normal
levels, severe stenosis and diffuse coronary arterydisease may
cause a low flow, even at rest, so as to be inadequée for resting
myocardial oxygen demand. Such myocardial segmentswith
low resting flow, but with intact cellular integrit y, are termed
hibernating myocardium. Hibernating myocardium is d efined as
a chronic, but reversible, left ventricular dysfunction in patients
with coronary artery disease. The dysfunction usualy improves
after coronary revascularization. Low flow at rest and severely

compromised CFR in the affected myocardial segmentare char-
acteristic. There is an associated decrease in resig myocardial
contractility, as well as a decreased contractile esponse to
stress, in the affected myocardium. This is a protetive response
of the myocytes to reduce oxygen demand in the setting of
reduced oxygen availability, thereby matching the lowered
oxygen demand to available perfusion level.

Myocardial blood flow measurement by PET is able todemon-
strate that transmural blood flow in hibernating mu scle is
generally within the normal range! while the coronary flow
reserve is invariably and severely impaired. Thesdindings have
contributed to a new pathophysiologic theory of hibe rnation
where repetitive ischemia and stunning are considered the
initial mechanisms. The identification and treatment of hiber-
nating myocardium can lead to improvement in the LV function
and the prognosis in patients with post-ischemic heart failure.

Different techniques are used to diagnose hibernating myocar-
dium: echocardiography, MRI, SPECT and PET, and patients
with moderate LV impairment, their predictive value s are similar.
Controversy exists whether the resting myocardial bood flow to
the hibernating myocardium is reduced. Dynamic PETblood flow
quantification has shown that in true hibernation, resting blood
flow is not different from that in healthy voluntee rs, although a
reduction of approximately 20 percent can be demonstrated in a
minority of cases. PET studies have shown that themain feature
of hibernating myocardium is a severe impairment of the coro-
nary vasodilator reserve that can improve after revascularization
in parallel with LV function. There is also evidene that repeti-
tive ischemia in patients can be cumulative and lead to more
severe and prolonged stunningl. This suggests that stunning
and hibernating myocardium are two facets of the same issue.

Enhanced glucose utilization in ischemic myocardium depends
upon a critical level of blood flow, which suggests that perfu-
sion tracers that accurately measure regional myocadial blood
flow may also provide important information regardi ng myocar-
dial viability. This is likely to be the case at eiher extreme of
the blood flow range, such that regions with a severe reduction
in perfusion would not be viable and regions with only mild
reductions in perfusion would be viable. However, in regions in
which the reduction in perfusion is of an intermedi ate severity,
perfusion information alone may be insufficient to d etermine
viability, and glucose metabolism information may b e necessary.



Endothelial Dysfunction

Endothelial dysfunction occurs early in the development of coro-
nary atherosclerosis and it is associated with adverse outcomes
that are not seen in subjects without endothelial dysfunction.
Endothelial dysfunction contributes to disease states by medi-
ating coronary vasospasm, vasoconstriction, inflammation and
abnormal proliferation of vascular endothelium. This early stage
of atherosclerosis, marked by endothelial dysfunction may last for
years with a long silent phase prior to the onset of symptoms of
occlusive disease. Therefore, it is important to identify early coro-
nary artery disease that is manifesting only as endothelial dysfunc-
tion in asymptomatic people. Once identified, it may be helpful to
undertake vigorous preventive therapy in at-risk individuals.

The vascular endothelium lining the coronary arterial wall will

respond to changes in hemodynamic shear forces and will

release a variety of vasoactive regulators, such asitrious oxide,

endothelium-derived relaxation factor (EDRF), etc. Ntrious

oxide maintains baseline vasodilatation that counteracts
intrinsic arterial vasoconstrictor tone. The nitrious oxide release
is stimulated by increased blood flow and increasedshear stress
on the endothelium. It has been shown in animal studies that
physical damage to the endothelium leads to the formation of

atherosclerotic plaque. High LDL cholesterol, low HDL choles-
terol, smoking, hypertension and diabetes are all associated
with impaired endothelial physiology. A family histo ry of prema-
ture CAD is associated with abnormal endothelial furction, even

in young asymptomatic adults. Clinical endothelial dysfunction

may manifest as vasospasm, thrombus formation, hypertension

and atherosclerosis.

Endothelial dysfunction promotes the development of athero-
sclerotic lesions by enhancing monocyte adherence to the
vascular wall and increasing cell membrane permeabiity to
monocytes, macrophages and lipoproteins, which then accumu-
late in the vessel wall, increase platelet adherenceand increase
smooth muscle cell proliferation. Decreased local poduction
of nitrious oxide is also characteristic of endothelial dysfunc-
tion. Since nitrious oxide is a vasodilator and inhbits platelet
aggregation and smooth muscle cell proliferation, a decreased
nitrious oxide activity contributes to the initiatio n and progres-
sion of atherosclerotic lesions. Endothelial vasodiator function
of the coronary micro-vessels is an important determinant of
myocardial perfusion during periods of increased demand and
therefore, microvascular endothelial function may play a key
role in pathogenesis of myocardial ischemia.

Coronary flow reserve is reduced in non-stenotic ateries of
patients with angiographically-demonstrated stenosis in other
coronary arteries, in patients with diabetes, in asymptomatic
patients with hypercholesterolemia and hypertension. This
impairment in coronary vasoreactivity is an early marker of
subclinical coronary atherosclerosis associated with endothe-
lial dysfunction. The effect of this vasodilatory impairment
is demonstrated by the blunted response to adenosine or
dipyridamole. Increased shear stress, caused by ineased flow

after intravenous dipyridamole, normally releases vasodilating
substances like nitrious oxide from the endothelium. This
can cause further vasodilatation, if the endothelial function
is preserved. The myocardial flow response to adenome or
dipyridamole may therefore be regarded as a measureof endo-
thelial function and vascular smooth muscle relaxation, both of
which may be disturbed in the early stages of atherosclerosis.
PET measurement of MBF and CFR is capable of demdrating
endothelial dysfunction in asymptomatic at-risk individuals, as
well as following the response to lifestyle modification and drug
therapy of atherosclerosis?.

MBF Response to Sympathetic
Stimulation

Non-invasive measurements of MBF, with PET at restnd its
response to sympathetic stimulation by cold pressor testing
(CPT), provide information on endothelium-related coronary
vasomotor function. Immersion of the left hand into i ce water
causes a sympathetically-mediated increase in heartrate and
blood pressures, and then, an increase in myocardialworkload.
This increase in myocardial oxygen demand related tothe eleva-
tion of the myocardial workload, is associated with a vasodila-
tation of the coronary arteriolar resistance vesselsthrough the
release of endothelial vasodilatory agents. As cororary vascular
resistance decreases, there is a proportional incrase in coronary
flow, which in turn, leads to a flow-mediated and en dothelium-
dependent dilatation of the upstream coronary vessel segments.
Thus, an increase in cardiac work is normally pardkled by
proportional flow-mediated coronary vasodilatation and an
increase in MBF. In the presence of an endothelialdysfunction,
this flow-related vasodilatation is attenuated. Consequently, the
vasoconstrictor effects of the sympathetically-mediated stimu-
lation of the vascular smooth muscle cells prevail and cannot
be overcome by normal flow-related coronary vasodilatation.
MBF during CPT is then decreased or absent, whichehotes an
impairment of endothelium-dependent coronary vasodilatory
function. This has been shown in individuals with risk factors for
coronary artery disease. Therapy aimed at improvingendothe-
lial function has been reported to improve or normalize the flow
response to cold pressor testing.

Myocardial blood flow response to CPT and adenosinehyper-
emia have been compared in a series of 50 normal vdunteers
without risk factors for CAD and with a normal lipid profile,

using 13NH; dynamic myocardial perfusion PET and blood flow
guantification 3. The mean resting MBF was 0.64 ml/gm/min.
There was an average increase of 39 percent or 0.23nl/gm/min

in MBF with CPT. The mean MBF with CPT was 0.87 rgth/min,

and with maximal vasodilatation with adenosine, it was 1.98 ml/
gm/min. The mean CFR was 3.4. Coronary vascular régance
decreased an average of 11 during cold pressor testig, while

the decrease with pharmacological vasodilatation was far higher
(average 67 percentage). This study establishes thenormal MBF
response to CPT, which can serve as a benchmark to elate
MBF response to CPT in endothelial dysfunction.



Table 1

Myocardial Blood Flow Estimates in Humans determine d by PET

Bergmann# 150-Water 0.9 +/-0.22 3.55 +/-1.12 4
Hutchins® 13N-Ammonia 0.88 +/-0.17 4.17 +/-1.12 3.94
Krivokapich® 13N-Ammonia 0.70 +/-0.17 1.32 +/-0.22 1.97
Czernin? 13N-Ammonia 0.76 +/-0.17 3.00 +/-0.80 3.00

Normal MBF Ranges

MBF values, in the normal population at rest and duing maximal
vasodilatation, have been well studied. For the purpose of stan-
dardization, the lower limits of MBF, at peak stressin normal
volunteers, is accepted at 2.0 ml/gm/min, while the average
resting flow is around 0.7 ml/gm/min based on initi al valida-
tion studies using 13NHz and the syngo Dynamic PET quantita-
tive software. However, these values correlate with published

normal values in existing literature (Table 1).

The clinical example, in Figures 1 and 2, demonstraes 82Rb
dynamic PET myocardial blood flow quantification in a normal
patient. Stresstrest conventional display of summedimages show
uniform normal perfusion throughout the entire LV m yocardium.
No significant post stress LV dilatation is visualzed. The flow
calculation shows an average MBF during adenosine a&sodilata-
tion of 2.99 ml/gm/min with a CFR of 3.28 in the LAD territory.
Similar results are also seen in RCA and left cirouflex territories.

Figure 1
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Figure 6
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A normal MBF response to stress and to CPT is visuadid in the
clinical example depicted in Figures 3 and 4. Thids a 34-year-old
male who weighed 132 pounds and who had no coronary risk
factors. MBF during peak adenosine vasodilatation inthe lateral
wall was 3.01 ml/gm/min and while resting, MBF was 0.63 ml/
gm/min and CFR was 4.77. During CPT, the blood flowin the
same region was 0.99 ml/gm/min and at rest, it was 0.59 ml/gm/
min with CFR at 1.68.

Another case, illustrated in Figures 5 and 6, showan abnormal
response to CPT with a normal response to vasodilair stress.
This is a 33-year-old overweight male who weighed 180 pounds
and had a history of smoking. The lateral wall shows a normal
MBF with adenosine vasodilatation (2.28 ml/gm/min) and at rest,
it was 0.68 ml/gm/min with a normal CFR of 3.49. However, the
same myocardial segment shows a low MBF of 0.71 migm/min
with a resting flow of 0.81 ml/gm/min, which was hi gher than
with cold pressor test the flow with CPT. This suggsts endothe-
lial dysfunction which can lead to a decreased myoardial flow
with sympathetic stimulation related to cold pressor testing,
while the endothelium-independent adenosine-mediate d vaso-
dilator reserve is relatively well preserved. Factas, like smoking,
affect endothelial function which is illustrated in this patient
with endothelial dysfunction affecting MBF, while t he vasodilator
reserve is well preserved in the absence of coronay or microvas-
cular atherosclerosis.

The Role of MBF and CFR in Coronary
Artery Disease

Multi-vessel disease

Multi-vessel disease is the typical clinical situaton where quan-
tification will provide incremental information. Th e relative
assessment of perfusion distribution often uncovers only the
coronary territory supplied by the most severe stenacsis. In multi-
vessel disease, the coronary flow reserve may be abarmal in
all territories, thereby identifying segments with | esser degree
of ischemia using flow quantification. This would h elp define
the true extent of ischemia and disease burden, ascompared to
the standard method of evaluation of perfusion imag ing, which
assumes the segment with the highest perfusion is normal,
although that segment itself might be under-perfuse d in abso-
lute terms.

Balanced multi-vessel disease

In a small group of triple vessel disease patients,the ischemia
throughout the LV segment may be fairly uniform due to the
similar degree of stenosis in all vessels. This islao known as
balanced multi-vessel disease. In this type of situgion, the



relative assessment of myocardial perfusion may not ke able
to uncover the global reduction in perfusion. The images often
look homogenous in a relative assessment since the etire LV
myocardium is uniformly ischemic, and normalization may
make the perfusion image appear equivocal, or evennormal.
The disease may be missed in situations like theseThe quan-
tification of peak stress flow and CFR would help urearth the
disease. However, only 5-10 percent of suspected CR patients
will display balanced diseasé.

Equivocal perfusion imaging in suspected CAD

Although myocardial perfusion imaging by SPECT, SRE/CT and
PET/CT show a high normalcy rate (approximately 90percent),
borderline and subtle irregularities are often characterized as
equivocal. This has contributed to the lower specificity of perfusion
imaging in some studies. MBF, at peak stress, canssist in the exclu-
sion of functionally significant CAD in such equivocal segments by
demonstrating high flow and normal vasodilatory res ponse.

Microvascular disease

Patients with microvascular disease usually demonstate a
diffuse reduction in myocardial perfusion and an impaired vaso-
dilatory response. Several conditions associated withincreased
CAD risk are diabetes, hyperlipidemia and hyperten®n. These
conditions are also associated with microvascular déease. MBF
and CFR estimation in at-risk patients may identifyearly coro-
nary artery disease, evaluate disease progression, rad assess the
effect of therapy and lifestyle modification.

Post revascularization

The quantification of myocardial flow in segments supplied by
revascularized arteries can potentially define theadequacy of the
restoration of perfusion and predict functional imp rovement.

The Relationship of MBF and CFR with
the Degree of Coronary Stenosis

Several studies have discussed the correlation of gronary
stenosis with reductions in MBF and CFR. As mentioad earlier,
a reduction in MBF at rest is uncommon except with severe
stenosis, myocardial hibernation or following infarction. However,

there is a strong correlation between the degree of stenosis and
the reduction of MBF at peak stress and CFR values.

One of the early studies evaluating the relation between
myocardial blood flow and the severity of coronary artery
stenosis is by Uren et &. He studied 35 patients with single-
vessel coronary artery disease and normal left venticular func-
tion and 21 age-matched controls. The regional myocardial
blood flow in the area supplied by the stenosed artery was
measured by PET with150-Water at rest and during adenosine
vasodilatation. The mean basal myocardial blood flov was 1.14
"0.42 ml/gm/min in the CAD patients and 1.13 "0.26 ml/gm/
min in the controls. During hyperemia, myocardial flow was
2.10 "1.16 and 3.37 "1.25 ml/gm/min, respectively. Basal flow
was unchanged regardless of the severity of stenosis However,
the flow during hyperemia correlated inversely and significantly

with the degree of stenosis, and correlated directly with the
minimal luminal diameter. The coronary flow reserve began to
decline when the degree of stenosis was about 40 pecent, and
it approached the value of one when stenosis was 80percent or
greater. This suggests that there is progressive deease in CFR
with increasing stenosis and beyond stenosis of 80percent, the
stress flow does not significantly differ from the r est flow.

Di Carli et al10 studied 18 patients with coronary artery disease
and 10 age-matched healthy volunteers with dynamic 13NH; PET
imaging at rest and after dipyridamole. The percent of cross-
sectional area stenosis as quantified by coronary agiography
was correlated with MBF. The myocardial blood flow in the
normal regions of patients with coronary artery disease were
not different than those in healthy volunteers, bot h at rest and
after dipyridamole. The resting flow levels were similar between
myocardial segments supplied by stenotic arteries and by those
without stenoses. After dipyridamole, myocardial blood flows in
regions supplied by arteries with more than 50 percent stenosis
increased significantly by an average of 2.4 (0.9"0.2 to 2.3"0.6
mL /gm/min). Blood flows in the regions supplied by vessels with
50-to-70 percent stenosis showed a similar responseto coronary
vasodilatation, increasing by an average of 2.3. In contrast,
segments supplied by vessels with 70-to -90 percent senoses
showed significant reductions in peak stress flow with the CFR
averaging only 1.8 and an average peak MBF at 1.2 figm/min.
Blood flows in regions supplied by arteries with greater than 90
percent of stenosis showed further impairment of th e response
to dipyridamole with an average CFR of only 1.4 andmaximum
stress MBF of 1.0 +/0.3 ml/gm/min. There was an invese corre-
lation of quantitative PET estimates of hyperemic Hood flow
and flow reserve with the percent area stenosis onangiography.
Coronary lesions with 50-to-70 percent stenosis had a signifi-
cantly higher myocardial flow reserve than those with 70-t0-90
percent stenosis (2.4"0.4 versus 1.8"0.5) suggestin g a different
vasodilator reserve among coronary lesions with a malerate
degree of luminal obstruction.

Another study from the same group!! used 82Rb dynamic PET
for MBF estimation and compared it with the stenosis estima-
tion by quantitative coronary angiography. Fifteen patients with
angiographically-documented CAD and seven age-matcled
asymptomatic controls without CAD risk factors were gudied.
Rest and stress MBF in regions subtended by vesselsith greater
than 50 percent stenosis was similar to that of the individuals
without risk factors for CAD. CFR was similar in thetwo groups
(average 1.9 compared to 2.2). CFR values were abléo differ-
entiate coronary lesions with 70 percent to 89 percent stenosis
from those with 50 percent to 69 percent stenosis (Average
CFR of 1 compared to 1.7 for the group with the lower stenosis
levels). MBF at peak stress and CFR were inverselyprelated to
the percent diameter stenosis on angiography.

Another study by Jagathesan et ali2 compared the relationship
between dobutamine MBF and stenosis severity in patents with
CAD. Twenty-seven patients with single-vessel CAD we allo-
cated to three groups based on stenosis severity: goup 1 - 50-69
percent; group 2 - 70-89 percent, and group 3, greater than or
equal to 90 percent . Nine normal volunteers servedas controls.

9
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Figure 9

Resting and dobutamine MBF were measured by dynamid?ET in
the myocardial segment subtended by the stenosis ard remote
myocardium. In group 1, mean dobutamine MBF in the stenotic
area (2.48 ml/min/g) was comparable to that of remote areas
(2.70 ml/gm/min). In patients with more severe stenosis in
groups 2 and 3, dobutamine MBF in stenotic areas (191 and
1.22 ml/gm/min) was significantly lower than that i n remote
areas (2.27 and 1.98 ml/gm/min respectively). An inverse rela-
tion between dobutamine MBF and stenosis severity «ists in
myocardial segments with stenosis and in the remote areas.
For any level of heart rate and blood pressure, dobuamine MBF
was greater in controls than in remote areas without stenosis in

CAD patients. Dobutamine MBF demonstrated significat flow
heterogeneity for coronary stenoses of greater than 70 percent.

These studies show a correlation between stress MBRnd CFR
with the degree of stenosis, although the CFR imparment range
in the intermediate stenosis group varied widely.

This case example (Figures 7, 8 and 9) were perforned with
dynamic 82Rb myocardial perfusion PET and demonstrates MBF
abnormalities in a patient with single vessel diseas. The study
shows a small area of reversible ischemia in the paterolateral
wall. The rest images of the LV myocardium show nomal perfu-

11



Figure 10
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Figure 12

18F-FDG PET-CT VIABILITY STUDY

sion. The myocardial blood flow values, calculatedwith dynamic

82Rb PET usingsyngo Dynamic PET* software, show decreased
peak stress flow of 1.17 ml/gm/min in the posterolateral wall

with a resting flow of 1.0 ml/gm/min. The rest of t he left ventric-

ular myocardium shows normal peak stress and rest fows. Part
of the anterior wall shows a peak stress flow of 2.37 ml/gm/min,

which is in the normal range. The patient underwent a CT coro-
nary angiography as an integral part of the PET/CTprocedure.

The LAD showed diffuse calcification in the proximd segment

without clear delineation of the stenosis. There is a focal calci-
fication in the proximal left circumflex artery. Th e coronary
overlays over the parametric flow images show the drcumflex

artery overlying the ischemic posterolateral wall territory, which

suggests that the focal lesion in the proximal artery was flow

limiting, thereby causing the reduced blood flow. T he calcifica-
tion in the proximal LAD appeared not to be clinically significant

since peak stress flow was normal.

Figures 10, 11 and 12 show a clinical case of a 78year-old
female with obesity and hypertension. She presented with
recent onset respiratory distress and signs of heartfailure, but
did not have chest pain. Dynamic 13NH; myocardial perfusion
PET/CT was performed to identify hemodynamically obsuctive
CAD as a possible cause for cardiac failure. The stly shows a
fixed perfusion defect in the inferobasal wall that is suggestive

*syngo' Dynamic PET is currently not validated for82Rb. The validation process is ongoing.

of infarction. The apico-inferior and inferolateral walls also show
reversible ischemia. In addition, there is a mild post-stress LV
dilatation suggesting advanced disease. The integraed calcium
score study shows a very high coronary calcification (greater
than 2000) with the predominant calcification in th e RCA and
left circumflex arteries. A standard evaluation of the stress-rest
images suggest that there is predominant inferior and inferolat-
eral wall ischemia. However, the MBF values suggestischemia
throughout the entire LV myocardium, with the most severe fl ow
abnormality in the inferobasal, inferior and infero lateral wall. The
inferobasal wall, which shows the most severe perfusion abnor-
mality, shows peak stress MBF of 0.61 ml/gm/min with resting
flow of 0.50 ml/gm/min. This suggests a non transmural infarct
since the resting flow is better preserved as compaed to what
is expected in a transmural infarction. A portion of the apico-
inferior segment shows peak stress MBF of 0.76 ml/gnimin and
a resting MBF of 0.50 ml/gm/min, which infers reversible isch-
emia. The anterior and lateral wall also shows a dereased stress
MBF of approximately 0.90 ml/gm/min with a resting flow similar
to the inferior wall. These results suggest there is a moderate
reversible ischemia in the anterior wall and septum, as well as
the lateral wall along with the severely ischemic inferolateral
wall. Thus, the MBF estimation suggests triple vessk disease
with a predominant involvement of the inferior segm ents,
while a relative evaluation was pointing to involvem ent of RCA
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and possibly Left Circumflex. The patient underwent coronary
angiography, which showed triple vessel disease: octusion of
the RCA, 95 percent occlusion of the left circumflex lesion and
75 percent LAD lesion. The MBF values were consistd with the
stenosis estimation from coronary angiography

The patient further underwent a ®F-FDG PET/CT viability study.
The study showed a small area of decreased FDG upke in the
inferobasal segment that corresponds to an area of nfarction,
although the degree of FDG uptake suggests a non tansmural
infarction. The rest of the LV shows adequate viablity. There is a
slight increase in FDG uptake in the infero-lateralwall compared
to the anterior wall and septum, despite glucose loading, which
may be related to resting ischemia in the inferolateral wall,
secondary to severe RCA and left circumflex stenosis

MBF and CFR in Remote Areas in CAD Patients

In view of the presence of CAD risk factors, such adiabetes
and hyperlipidemia coexisting with coronary stenosis, the ques-
tion remains if microcirculatory abnormalities related to these
risk factors contribute to the impairment of CFR in genotic

segments. Several studies have addressed the CFR chges in

stenotic, as well as remote myocardial segments inpatients with

and without risk factors. One study3 evaluated 74 patients with

CAD and seven age-matched normal patients with 150-Water
dynamic PET and coronary angiography. There was ndliffer-

ence in resting MBF between the stenotic areas andthat of the

control group. (The mean global resting MBF was 0.9L ml/gm/

min in control). However, stress MBF was significanty lower in

the stenotic segments (average 2.19 ml/gm/min) compared to

the control (average 3.66 ml/gm/min). CFR was alscsignificantly

lower in stenotic segments (mean 2.35 vs 4.06). Coronary artery
stenosis severity was the only significant predictor for CFR.
However, there was no significant difference in CFRbetween

stenotic segments in patients with risk factors, like diabetes,
hypertension, hyperlipidemia and smoking, when compared
with stenotic segments in CAD patients without those specific
risk factors. When remote myocardial segments (not subtended

by stenotic vessels) in patients with CAD with riskfactors were
compared to similar segments in normal controls, the CFR in
remote segments in patients with risk factors was significantly

lower. Mean CFR in remote areas in diabetes group \&s 2.6 and
in the smoking group was 2.65, while that for the c ontrol group

without risk factors was 3.19. CFR in remote regionsin patients

with two or more risk factors was significantly lowe r than in

remote regions with one or no risk factors. This study illustrates
the fact that while CFR in stenotic regions correlded signifi-

cantly with stenosis severity rather than the risk factors, the CFR
in remote regions was influenced by risk factors like diabetes,
hyperlipidemia and smoking. This represents dysfundion of the

coronary microcirculation.

Another study by the same group compared perfusion abnor-
malities on myocardial perfusion SPECT, MBF and CF&sing
150-Water dynamic PET with reference to coronary stensis on
angiography14. Twenty-seven patients with angiographically-
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proven CAD and seven normal controls were studied.Based on
the SPECT results, the coronary segments in CAD pahts were

divided into 3 groups: segments with coronary stenosis and a
perfusion defect on stress SPECT (Group A); segmentsvith

stenosis but without perfusion defect (Group B); and remote

segments with no coronary stenosis or perfusion abnormality

(Group C). Baseline MBF was similar in all three gups. CFR
in Group A (mean CFR 1.82) was lower than Group B2.22),

which was lower than Group C (2.92). However CFR inGroup C
(remote segments in CAD patients without stenosis) still had a
significantly lower CFR compared to the normal contols (3.86).

In Group A, peak stress MBF (1.81 +/-0.71 ml/gm/min)was
lower than in Group B (2.21 +/-0.85 ml/gm/min). MBF during

hyperemia in Group A was lower than in Group C (3.10 +/-1.32

ml/gm/min) and also lower than in the normal segments (3.63

+/-1.23 ml/gm/min). Lower hyperemic MBF in remote regions in
CAD patients were compared to normal segments in thecontrol

population. It suggests that CFR is reduced in remte areas in
ischemic heart disease, and this reflects that micovascular
disease is associated with early coronary arterioloslerosis and
altered endothelial function. Both are often found before the

development of gross CAD in patients with hyperlipidemia,

diabetes mellitus and hypertension. This data alsoshows that
CFR is decreased in the distribution of some stendt lesions,
which did not have evidence of perfusion abnormality on stress
SPECT. The accuracy of reduced CFR in reflectingwi-limiting

stenosis, even when SPECT appears normal, is cleavidence
of the improved diagnostic confidence that PET MBFestimation

may bring to CAD evaluation.

Beanlands et all5> studied young and middle-aged volunteers
and CAD patients with 13NH; PET and quantitative angiography
to determine the relation between CFR and stenosis sverity,
and to assess CFR impairment in regions supplied by \ssels
without significant angiographic disease. The flow reserve was
lowest in the region showing the highest stenosis (1.3 +/-0.32).
There was progressive decrease in CFR with increasinstenosis:
CFR of 2.95 +/-0.65 in patients without detectable disease; 2.09
+/-0.47 in patients with greater than 70 percent stenosis; 2.02
+/-0.51 in patients with 70-95 percent stenosis; and 1.3 +/-0.32
in patients with 95-100 percent stenosis. Flow reserve values
correlated with the percent area of stenosis and minimal lumen
diameter. In young and middle-aged volunteers, CFRvalues were
greater than the values in CAD patients in segmentswithout
detectable disease (4.10 +/-0.71 and 3.79 +/-0.42, respectively,
vs. 2.88 +/-0.56). This demonstrated that the functional severity
of coronary disease, measured by quantitative PETyaried for
a given stenosis, but was significantly related to angiographic
severity. The finding of reduced flow reserve among patients
with coronary disease in myocardial regions without signifi-
cant angiographic stenosis, as compared to regions i control
subjects, indicated that vascular reactivity was mae diffusely
impaired in CAD patients than suggested by angiogrgphy. This
study shows similar findings compared to other comparable
studies and establishes the fact that CFR estimatio can help
define the extent of disease, even when the disease is not
apparent by angiography.
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