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Assessing progression or regression of CAD: The

role of perfusion imaging

K. Lance Gould, MD

BENEFITS OF VIGOROUS RISK FACTOR
TREATMENT

Stabilization or regression of coronary atherosclero-
sis in response to vigorous risk factor treatment is well
established by many trials based on clinical events and
anatomic measurements of severity via coronary arte-
riography or intracoronary ultrasound. The reduction in
coronary events is proportionately much greater than the
small anatomic changes observed as a result of stabili-
zation of plaques associated with decreased lipid content,
inflammation, protease activity, and risk of plaque rup-
ture. Thus small anatomic changes predict major corre-
sponding changes in the risk of coronary events. Finally,
more intense treatment is also associated with a lower
risk of coronary events than casual treatment of risk
factors.

However, the response to risk factor treatment is not
predictable or consistent for individual patients. For
example, statin monotherapy is associated with a 30% to
50% reduction in coronary events. Though significant for
the general concept of treating risk factors, 50% to 70%
of patients remain at risk of events. Combined multiple
lipid active medications or intense lifestyle modification
(or both) reduces the risk of coronary events by over 90%
even for “secondary” management of established coro-
nary artery disease (CAD).'* Not everyone is willing or
able to take multiple medications or adhere to a strict
lifestyle regimen. For a specific patient, there is no way
of knowing in advance what intensity of treatment will
stabilize his or her vascular disease or whether it is
progressing or stabilizing before an unexpected coronary
event provides an answer in retrospect that is too late.
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ARTERIOGRAPHIC CHANGES WITH LIPID
LOWERING

Although coronary arteriography and intracoronary
ultrasound have documented regression of CAD in clinical
trials, these invasive procedures are not justifiable for
routine follow-up of medical treatment. Moreover, the
anatomic changes measured by these technologies are so
small, 0.1 to 0.3 mm, that large numbers of patients are
required to determine the statistical significance of the
changes because the variability of individual measurements
is larger than the average change that becomes significant
only for a large group. Consequently, even these invasive
technologies do not provide a satisfactory guide to progres-
sion or regression for an individual in clinical practice. For
objectively assessing quantitative changes in the severity of
coronary atherosclerosis, they also require substantial expe-
rience and meticulous attention to technical details that are
commonly not achieved in most clinical invasive laborato-
ries despite being widely used and visually interpreted for
diagnostic purposes.

For assessing diffuse coronary atherosclerosis, both of
these invasive techniques are inadequate. For example,
Hausmann et al* have demonstrated that in asymptomatic
patients with risk factors, coronary arteriography entirely
misses 70% of diffuse CAD compared with intracoronary
ultrasound. On the other hand, intracoronary ultrasound
does not provide an integrated measure of all of the changes
throughout the coronary artery tree, where these changes
are commonly heterogeneous with progression in one area
and regression in another area in the same or different
coronary arteries of an individual.

The importance of tracking the changes in CAD for an
individual is illustrated in the myocardial perfusion images
of Figure 1 by use of positron emission tomography (PET).
(All PET images and software displays illustrated in this
review were obtained with a Positron PET scanner
[Positron Corp, Houston, TX]). This patient had success-
fully undertaken a vigorous healthy lifestyle regimen on
low-fat food, achieving the ideal lean weight and regularly
exercising, in addition to taking a statin, with a total
cholesterol level of 148 mg/dL, a triglyceride level of 62
mg/dL, and low-density lipoprotein (LDL) and high-density
lipoprotein (HDL) levels of 72 and 64 mg/dL, respectively,
for 3 years after a normal baseline dipyridamole PET scan.
However, the 3-year follow-up dipyridamole scan showed
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Figure 1. Myocardial perfusion images by PET after dipyrid-
amole stress at baseline and at 3-year follow-up showing
progression of CAD despite an excellent lifestyle and medical
regimen, thereby leading to additional laboratory studies and
treatment.

definite progression with a new perfusion defect despite an
ideal regimen. On further evaluation to explain this unex-
pected progression, subfraction analysis of his lipid levels
showed a lipoprotein (Lp[a]) of 149 mg/dL, which is 50
times the upper limit of normal (30 mg/dL) for that
laboratory. Niaspan (Kos Pharmaceuticals, Inc, Miami, Fla)
was then added (2000 mg daily), which would not have
otherwise been used.

COMPUTED TOMOGRAPHY AND MAGNETIC
RESONANCE IMAGING WITH CORONARY
ARTERIOGRAPHY

Magnetic resonance imaging (MRI) and computed
tomography (CT) are currently being tested for assessing
the anatomic severity of CAD by noninvasive coronary
arteriography,” including changes in CAD in human
beings.” However, there is great scatter in the quantitative
correlation between invasive and noninvasive CT arteriog-
raphy such that CT is not able to quantify stenosis severity
because of inadequate resolution, coronary calcification,
and several other technical problems.>® Coronary calcium
scores do not improve with lipid treatment."”

It is useful to put this problem of anatomic resolution
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into perspective as the basis for understanding the value of
perfusion imaging for following changes in CAD. The
resolution requirement for experimental quantitative coro-
nary arteriography adequate to predict fluid dynamic sever-
ity and corresponding changes in severity is well defined.
The author first published the experimental validation of
basic pressure-flow characteristics of stenosis, correlation
with coronary flow reserve, and quantitative coronary
arteriography of localized stenosis and of diffuse coronary
disease.''!> The coronary arteriograms for the first series of
these experimental studies used high-resolution, fine-grain,
cut film and film cassettes; electrocardiography (ECG)—
triggered intracoronary power injections of contrast me-
dium; and a single diastolic frame triggered by ECG. The
measured arteriographic resolution was 10 line pairs/mm in
order to resolve lumen diameters to 0.1 mm, which is
necessary for calculation of pressure-flow effects of stenosis
in comparison to direct flowmeter measurements. Later
experimental studies used cine arteriograms with a resolu-
tion of 4 line pairs/mm that resolves 0.25-mm-diameter
dimensions for calculating coronary flow reserve in com-
parison to flowmeter measurements. A lower resolution is
simply not adequate to predict the physiologic severity of
stenosis or its changes.

The resolution of MRI and CT scanners is typically
expressed in slice thickness or pixel dimensions. However,
the many classical factors of physics still apply regarding
signal strength, detector size, and the tradeoff of spatial
versus density resolution. For the most advanced CT scan-
ner (either 16 or 48 slices), the best measured resolution on
a static idealized phantom is 1.2 line pairs/mm, as measured
personally by the author with a physicist to confirm the
results.

Because the detector sizes in the 16- and 64-slice CT
scanners are the same, the spatial resolution is also the
same. The 64-slice CT scanner covers a bigger field and
is therefore “faster,” with shorter exposure times and less
motion blurring, but the spatial resolution is the same.
An optimal, idealized resolution of 1.2 line pairs/mm
means that 0.8 mm can be resolved at best under static
idealized conditions. That resolution is not good enough
to determine whether there are 0.1- to 0.3-mm changes in
an individual stenosis in the range measured by invasive
quantitative coronary arteriographic studies. In clinical
practice, motion blurring, low-density contrast, scattered
radiation, low signal-to-noise ratio, and other variables
reduce the effective final resolution to less than the 0.8
mm resolvable on a static idealized phantom. Conse-
quently, current noninvasive CT and MRI arteriograms
cannot adequately quantify stenosis severity or its
changes>®®° because these technologies have only one
third to one fourth of the effective resolution needed to
approach the spatial resolution of invasive coronary
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arteriography, which is itself limited for measuring
changes in stenosis severity.

Plaque imaging is even more difficult because a major
determinant of plaque instability is the thickness of the
overlying fibrous cap that can be resolved now only by
intracoronary ultrasound. Of course, CT and MRI technol-
ogies will be tested further for following changes in CAD
despite these limitations. Even the author has obtained a GE
16-slice PET-CT scanner in addition to his Positron Cor-
poration PET scanners (General Electric Healthcare,
Waukesha, Wis) for studying these applications, particu-
larly arteriographic enhancements for quantifying disease
severity. However, this brief review of anatomic imaging
and its limitations by one of the founders of quantitative
coronary arteriography serves to highlight the role of
noninvasive myocardial perfusion imaging as currently
being more powerful than anatomic imaging for following
changes in CAD.

MYOCARDIAL PERFUSION FOR FOLLOWING
CHANGES IN SEVERITY

Coronary blood flow is a function of the arterial radius
raised to the fourth power. Therefore small changes in
diameter not measurable by anatomic imaging are magni-
fied into much larger changes in blood flow that are readily
seen and quantifiable by perfusion imaging if done prop-
erly, free of artifacts that commonly affect both PET and
single photon emission computed tomography imaging. For
diffuse coronary atherosclerosis, a mild anatomic reduction
in diameter that cannot be detected by visually interpreted
arteriograms will cause cumulatively increasing resistance
along the length of the coronary artery.'> This cumulative
resistance causes a base-to-apex longitudinal perfusion
gradient by dipyridamole PET perfusion imaging that iden-
tifies diffuse disease.'® It also causes a progressive graded
pressure gradient along the artery toward that apex that is
the pressure equivalent of the base-to-apex longitudinal
perfusion gradient."”

What is the evidence showing that perfusion imaging is
useful for following changes in coronary disease? Several
studies using single photon stress perfusion imaging dem-
onstrated improvement in patients undergoing risk factor
treatment compared with control subjects.'®*' PET perfu-
sion imaging has also been developed specifically for
following changes in CAD.***%> Myocardial perfusion
abnormalities may show rapid improvement in within 40 to
90 days after intense risk factor treatment is started.?>*

In the Lifestyle Heart Trial, using endpoints of both
PET perfusion images and quantitative coronary arte-
riography, the PET changes were proportionately greater
with greater statistical significance than the changes in
quantitative coronary arteriography.>> We have also
shown greater benefit on myocardial perfusion and cor-
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Figure 2. Myocardial perfusion images by PET after dipyrid-
amole stress at baseline and at follow-up showing progression
in a suboptimally treated patient and regression of CAD in
another patient after an excellent lifestyle and medical regimen.

onary events with vigorous treatment to strict goals by
combined pharmacologic and lifestyle management
compared with the usual less rigorous or inadequate
treatment.” Figure 2 demonstrates PET perfusion images
of progression and regression of CAD in optimally
versus suboptimally treated patients.

By use of severe disease as an example of quantifying
changes, Figure 3 illustrates a normal resting perfusion scan
(Figure 3A) and a severe stress-induced perfusion defect
(Figure 3B), as well as its improvement 3 years later (Figure
3C) on a vigorous lifestyle regimen with 40 mg simvastatin
to achieve a total cholesterol level of 134 mg/dL, triglyc-
eride level of 68 mg/dL, LDL level of 68 mg/dL, HDL level
of 52 mg/dL. The arterial overlay shows the arterial
distributions corresponding to the perfusion map. Quantifi-
cation of relative myocardial uptake for each quadrant of
the heart (Figure 3D) in SD units shows the rest scan (blue
line) within £2 SDs of 50 healthy control subjects (4 SDs
within the blue shaded area). The stress uptake in SD units
(red line) is well outside =2 SDs of normal limits (red
shaded area). The printout of quantitative changes in the
baseline to follow-up stress images (Figure 3E)shows im-
provement in all measures of severity as follows: (1) the
size of the defect expressed as percent of the heart outside
*2 SDs of normal decreased from 28.8% to 17.7% of the
left ventricle, (2) the severity or relative activity expressed
as percent of maximum counts improved from 53.5% to
71.3% of maximum activity, and (3) the combined size-
severity expressed as the percent of the left ventricle with
less than 60% of maximum counts improved from 30.8% to
2.1% of the left ventricle.

Figure 4 illustrates a milder stress-induced perfusion
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defect (Figure 4A) improving after 3 years of vigorous
lifestyle and pharmacologic treatment (Figure 4B), with
overlays of the arterial regions as an optional display.
Quantitative analysis (Figure 4C) shows the baseline stress
(red dashed line) uptake outside *£2 SDs of normal but
uptake within these normal limits on the follow-up stress
image (red solid line). The combined size-severity on the
stress scans (percent of left ventricle with activity <60% of
maximum activity) improved from 9.3% to 5.0% of the left
ventricle.

As these examples illustrate, myocardial perfusion
imaging for following changes in regional perfusion defects
as a result of flow-limiting stenosis is scientifically well
established and has demonstrated applicability in routine
clinical practice but is used in only a few centers.

TRADITIONAL INVASIVE MANAGEMENT OF CAD

In traditional management of CAD, a significant stress-
induced perfusion defect leads to coronary arteriography
and, commonly, a balloon angioplasty or stent, particularly
given documented visual overestimation of stenosis sever-
ity. With the basic problem of attenuation artifacts and
uncertain reliability of assessing disease severity by single
photon emission computed tomography perfusion imaging,
the invasive arteriogram is considered to provide the “hard
definitive” clinical information.

On the other hand, revascularization procedures may
be safely deferred for mild to moderate stenosis with a
pressure-derived fractional flow reserve of 0.75 or greater,
corresponding to a relative coronary flow reserve of 75% of
normal,?®?” which is, however, an invasive measurement.
In addition, most plaque ruptures and coronary events occur
at sites of diffuse atherosclerosis without prior significant
stenosis,”® where plaque rupture is prevented by aggressive
risk factor treatment as first proposed by Brown®=*! and
documented by many subsequent lipid trials. Finally, active
plaque inflammation with potential rupture is diffuse
throughout the coronary artery tree, not located in a single
“yulnerable” plaque,®* thereby explaining in large part why
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meta-analysis of revascularization procedures shows no
survival benefit in stable CAD.*

These observations then become the basis for the
next logical question for nuclear cardiology: Can arti-
fact-free myocardial perfusion imaging provide unique
definitive information for following the changes in CAD,
as well as on early subclinical coronary atherosclerosis
or its changes, even before flow-limiting stenoses that do
not warrant invasive procedures appear?

The literature provides a positive answer, documenting
that myocardial perfusion imaging without artifacts objec-
tively and accurately (1) quantifies differences in relative
regional perfusion of 10% or more corresponding to mild
subclinical stenosis, (2) quantifies the base-to-apex longitu-
dinal perfusion gradient of diffuse coronary atherosclerosis
before significant flow-limiting stenosis occurs, and (3)
quantifies the heterogeneity of resting myocardial perfusion
and its changes after dipyridamole or adenosine as an index
of endothelial dysfunction before significant flow-limiting
stenosis occurs.

These 3 tasks can be accomplished for routine clinical
purposes if the following criteria are met: (1) advanced,
validated quantitative cardiac software specifically designed
for objectively assessing quantitative changes in myocardial
PET perfusion images; (2) perfusion images with uniform
resting and stress images having less than 5% to 10%
variation in regional relative radionuclide uptake in normal
young volunteers having no risk factors; (3) capacity to
quantify small regional differences of 10% or greater in
patients with risk factors or mild subclinical CAD; and (4)
no attenuation, misregistration, or other artifacts or subop-
timal quality, all of which require compulsive attention to
every technical detail, not commonly done in most PET
laboratories.

TECHNICAL IMAGING REQUIREMENTS

In the author’s experience, these technical require-
ments include over 12 million true coincidence counts per
heart data set, or over 24 million total counts, because

Figure 3. For severe CAD, myocardial perfusion images by PET at rest (A) and after dipyridamole stress
(B) at baseline and after dipyridamole stress at 3-year follow-up (C). On the baseline rest-stress images,
the arterial overlay shows the affected arteries. Quantitative analysis of the baseline rest-stress images (D)
graphs relative radionuclide uptake in SD units on the vertical axis for each base-to-apex tomographic
slice on the horizontal axis for each quadrant of the heart. The shaded areas show =2 SD units or a 4-SD
range of 50 healthy control subjects. Blue indicates the resting image, and red indicates the stress image.
The black lines and shaded areas indicate the rest-to-stress change or A of the rest-stress paired images.
A printout of quantitative changes shows improvement in all measures of severity (E). R/, Ramus
intermedius; OM1, first obtuse marginal branch; OM2, second obtuse marginal branch; LCx, left
circumflex; D1, first diagonal branch; D2, second diagonal branch; LAD, left anterior descending; Post
LV branch, posterior left ventricular branch; AV node branch, atrio-ventricular node branch, I** Septal,
first septal perforator branch; septals, septal perforator branches; RCA, right coronary artery; PDA,

posterior descending artery.
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Figure 4. For mild CAD, the baseline stress images (A) show improvement compared with stress images
(B) after 3 years of vigorous lifestyle and medical treatment. Arterial regions are overlaid on the
perfusion maps. Quantitative comparison of the stress images (C) for the whole heart shows relative
uptake in SD units improving from baseline (dashed line) to follow-up (solid line). The shaded area
indicates =2 SDs of the stress images from 50 healthy control subjects. Red indicates that the two
comparison studies are both during stress, whereas a rest-rest comparison would be in blue. RI, Ramus
intermedius; OM1, first obtuse marginal branch; OM2, second obtuse marginal branch; LCx, left
circumflex; D1, first diagonal branch; D2, second diagonal branch; LAD, left anterior descending; Post
LV branch, posterior left ventricular branch; AV node branch, atrio-ventricular node branch, I** Septal,
first septal perforator branch; septals, septal perforator branches; RCA, right coronary artery; PDA,

posterior descending artery.

approximately half of the counts are random coincidences.
Our testing indicates that for either cardiac PET-CT with
CT attenuation correction or standard PET with a rotating
rod for attenuation correction, it is essential to use 2-dimen-
sional imaging with extended septa, filtered backprojection,
and early acquisition at 70 to 80 seconds after the start of
infusion for adequate myocardial perfusion images by use
of rubidium 82. It is important to check every image for
correct coregistration of attenuation-emission images and to

correct shift artifacts, which occur in about 20% of all
cardiac PET studies®* with both types of scanners.

Thus the requirements for cardiac PET are substan-
tially different than for cancer, brain, or whole-body PET.
Cancer PET uses hot-spot imaging, where the background
scatter and nonuniformity of 3-dimensional imaging and
ordered-subsets expectation maximization reconstructions
are not particularly important. However, for cold-spot
imaging of mild defects for detecting early coronary ath-



Journal of Nuclear Cardiology
Volume 12, Number 6;625-38

erosclerosis or modest changes in severity, particularly with
Rb-82, 2-dimensional acquisition with extended septa and
filtered backprojection reconstruction are essential for ade-
quate image quality.

Using these exacting technical standards, we have
demonstrated (1) that the objectively measured quantitative
severity of PET perfusion defects parallels stenosis severity
by automated quantitative coronary arteriography>> and
precise anatomic location in the coronary artery tree even
for small secondary branches,*® (2) the theoretic basis for,
the experimental validation of, and the clinical application
of the base-to-apex longitudinal perfusion gradient for
quantifying diffuse coronary narrowing before flow-limit-
ing localized stenosis occurs,'*'® and (3) heterogeneity of
resting myocardial perfusion as a marker of coronary
endothelial dysfunction as highly predictive of coronary
atherosclerosis.®” Because this latter concept is new but
relevant for assessing preclinical coronary atherosclerosis
by perfusion imaging, a brief review of experimental and
human coronary endothelial function is appropriate.

CORONARY ENDOTHELIAL FUNCTION

Coronary endothelial function includes a wide range of
diverse vascular behavior in 3 interdependent categories—
vasomotor control, platelet interactions/thrombosis, and
cellular proliferation. Although imaging any of these pro-
cesses is important, this discussion focuses on endothelial
vasomotor function as a potential marker of early athero-
sclerosis before fully developed plaques associated with
rupture, thrombosis, and clinical events appear.

Coronary endothelial function expressed as altered
vasomotion has been assessed in human beings primarily
by use of arteriography or intracoronary ultrasound to
measure changes in arterial diameter or flow velocity before
and after acetylcholine, arterial or arteriolar vasodilators,
therapeutic interventions, or blocking agents such as N°-
monomethyl-L-arginine. Such studies have established our
current understanding of endothelial function or dysfunc-
tion but are not necessarily useful for routine clinical
practice.

Moreover, these techniques are invasive and provide
primarily anatomic data or flow velocity of the epicardial
coronary arteries. Whereas arterial flow velocity may reflect
average downstream arteriolar behavior, the coronary en-
dothelial dysfunction associated with atherosclerosis is
heterogeneous both in epicardial coronary arteries and into
the microvasculature.

Vascular mediators derived from coronary endothe-
lium include prostacyclin, nitric oxide, thromboxane, endo-
thelin, bradykinin, angiotensin, serotonin, substance P, C-
type natriuretic peptide (an  endothelium-derived
hyperpolarizing factor), and others. The mechanisms affect-
ing coronary vasomotion may be a complex balance be-
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tween inhibition of normal vasodilatory mediators, such as
nitric oxide, and activation of vasoconstrictor mediators,
such as endothelin, and/or several other mediators acting
simultaneously.

The stimuli, mediators, and vascular responses of
epicardial coronary arteries and the coronary microvascu-
lature are quite different, even divergent. For example, in
the epicardial coronary arteries, acetylcholine-induced va-
sodilation is mediated by nitric oxide.*®** However, in the
coronary microcirculation, acetylcholine-induced arteriolar
vasodilation and increased coronary flow are not mediated
by nitric oxide.*'** With epicardial artery endothelial
dysfunction, acetylcholine causes arterial vasoconstriction
whereas arteriolar vasodilation with increased flow remains
intact as an example of divergent pathophysiologic behav-
ior of the macrovasculature and microvasculature of the
heart, 38:41:44-46

As a further example, endothelial nitric oxide produc-
tion mediates epicardial coronary artery vasodilation during
exercise but is not involved in arteriolar vasodilation and
increased coronary flow during exercise* unless there is a
flow-limiting stenosis, where nitric oxide helps maintain
perfusion during exercise.*’ In opposition to these vasodi-
lator mechanisms, endothelin is a powerful coronary arte-
riolar vasoconstrictor that is activated in coronary athero-
sclerosis in parallel with inhibition of nitric oxide
production.

Thus there is no single specific vasomotor abnormality,
gold standard, diagnostic test, or even definition that iden-
tifies or defines coronary endothelial dysfunction. The
hallmark of coronary endothelial dysfunction is mild heter-
ogeneous vasoconstriction of coronary arteries or coronary
microvasculature (or both) under a wide spectrum of
different conditions, as well as vasomotor stimuli involving
many different mechanisms including inhibition of vasodi-
lator mechanisms or activation of vasoconstrictor mecha-
nisms by many different interacting vasoactive mediators.

HETEROGENEITY OF MYOCARDIAL PERFUSION AS
CLINICAL MARKER

Heterogeneity of coronary endothelial function has
been well documented in human beings**>° with associated
altered coronary blood flow or perfusion reflecting coronary
arteriolar dysfunction, as well as epicardial arterial endo-
thelial dysfunction.’’> Resting coronary flow falls by
approximately 20% after inhibition of coronary endothelial
nitric oxide production without significant reduction in
maximum coronary flow or coronary flow reserve,*®#1:44-46
thereby reflecting altered resting microvascular function.

Coronary endothelial dysfunction is closely associated
with microvascular dysfunction of CAD or its risk fac-
tors,>*>7 may be familial as an independent risk factor,”®
and predicts future coronary events>® %> or clinically man-
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ifest disease up to 10 years later.%*> Cold pressor testing with
measurements of coronary flow reserve involves complex
sensory and efferent vasomotor control mechanisms sepa-
rate from endothelial function with such great variability in
normal subjects that its diagnostic utility is limited.®>**

Coronary flow reserve and myocardial perfusion im-
aging after pharmacologic arteriolar vasodilation for iden-
tifying flow-limiting coronary artery stenosis were first
reported by the author®>®® and are now in widespread use
for routine diagnostic procedures. In this paradigm the
resting perfusion image serves as a baseline for comparison
to the stress perfusion image for identifying discrete re-
gional perfusion abnormalities resulting from flow-limiting
coronary artery stenosis, myocardial scar, or hibernating
myocardium.

In contrast, we also first described resting perfusion
defects that improve or disappear during pharmacologic
stress, leaving a normal or improved stress image compared
with the abnormal resting perfusion image, which we
hypothesized was a result of endothelial dysfunction that
reduces resting myocardial blood flow but not the response
to these primarily direct smooth muscle vasodilators.®”

In further research on this observation, we have
recently reported a distinctly different diffuse patchy
heterogeneity of resting myocardial perfusion as a
marker of coronary endothelial dysfunction associated
with coronary atherosclerosis separately, independently
from and around these traditional discrete regional myo-
cardial perfusion defects caused by flow-limiting steno-
sis or myocardial scar.’’ We used a mathematical tech-
nique from Markovian homogeneity analysis’® to
provide precise, objective, automated quantification of
this resting perfusion heterogeneity in over 1000 patients
and in 50 healthy normal reference subjects, demonstrat-
ing a basic new observation in myocardial perfusion
imaging with potentially important clinical implications.

Patchy heterogeneous resting myocardial perfusion by
noninvasive cardiac PET quantified objectively by use of
Markovian homogeneity analysis and its improvement after
dipyridamole are powerful independent predictors of even
mild stress-induced perfusion abnormalities, more than
standard risk factors, consistent with coronary microvascu-
lar dysfunction as an early marker of preclinical CAD for
potential preventive treatment. The heterogeneity that we
observe by PET perfusion imaging is macroscopic for the
1-cm® PET resolution in arterial distributions, separate from
and unrelated to the dispersion of perfusion in small 1-mm
myocardial samples used for microsphere measurements of
perfusion in experimental animals.”’-"

In view of the different, sometimes divergent arterial
and arteriolar behaviors in response to the wide variety of
vasoactive mediators, resting perfusion heterogeneity
would not necessarily be expected to parallel the effects of
intracoronary acetylcholine or cold pressor testing, just as
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the arteriolar response to acetylcholine with increased blood
flow does not parallel its vasoconstrictive effect on epicar-
dial coronary arteries in CAD.

CLINICAL EXAMPLES OF PERFUSION IMAGES IN
EARLY CAD

Figure 5 illustrates PET perfusion images of early
coronary atherosclerosis associated with dyslipidemia, ele-
vated triglyceride levels, elevated Lp(a) levels, low HDL
levels, and small dense HDL and small dense LDL particle
size. The myocardial PET perfusion scans at rest (Figure
5A) and after dipyridamole (Figure 5B) show a base-to-apex
longitudinal perfusion gradient and the heterogeneous rest-
ing perfusion pattern of endothelial dysfunction character-
istic of diffuse coronary atherosclerosis without severe
localized stenosis.

The quantitative printout from the baseline rest-stress
images (Figure 5C) demonstrates abnormalities of the
homogeneity index and the base-to-apex longitudinal per-
fusion gradient. The square color displays show each
quadrant of the heart in a uniform mathematical format of
the Markovian homogeneity analysis.®’ Quantitative rela-
tive myocardial activity, the base-to-apex longitudinal per-
fusion gradient, and the homogeneity index are well outside
*2 SDs of 50 healthy control subjects.

For the same patient, quantitative comparison of stress
images at baseline and at follow-up after 2 years of vigorous
lifestyle and pharmacologic treatment (Figure 5D) showed
improvement, as did the resting images at baseline com-
pared with follow-up (Figure 5E). The automated software
provides objective quantitative measures of all of the
possible endpoints immediately for routine clinical compar-
isons and archives the data so that groups of patients can be
followed up for statistical analysis.

Figure 6 demonstrates the earliest abnormality by rest
(Figure 6A) and dipyridamole (Figure 6B) perfusion imag-
ing in the absence of any stress-induced perfusion abnor-
mality. The resting perfusion scan shows mild heterogene-
ity that improved after dipyridamole. The quantitative
printout shows that the rest image has an abnormal homo-
geneity index of 0.38 that is outside =2 SDs of 50 healthy
control subjects. After dipyridamole, this homogeneity
index improves to 0.62, close to the normal range for stress
images. The percent of the left ventricle with activity in the
highest range of greater than 80% of maximum increased
from 46.7% to 73.7% of the left ventricle, indicating
substantial improvement after dipyridamole. There is also
an abnormal base-to-apex longitudinal perfusion gradient
outside =2 SDs of normal. This patient had hyperhomo-
cysteinemia and dyslipidemia with low HDL levels and
small dense LDL and small HDL subtypes. A CT scan
showed coronary calcification, and a CT coronary arterio-
gram showed irregular coronary lumens with minimally
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Figure 5. Rest (A) and dipyridamole (B) perfusion images of an asymptomatic patient with risk
factors showing abnormal perfusion heterogeneity and a base-to-apex longitudinal perfusion
gradient. Quantification of severity and a printout of the Markovian homogeneity analysis of
baseline images (C) show that 23.9% of the left ventricle (LV) with less than 60% of maximum
activity at rest increases to 52% after dipyridamole stress. The homogeneity index is severely
abnormal on the resting image, at 0.39, and on the stress image, at 0.35, with normal being 0.63 or
above. Quantitative comparison of the baseline stress image to the follow-up stress image (D) shows
improvement in the size of the defect from 42% to 9.9% of the left ventricle, which is outside =2
SDs of normal, and a less severe base-to-apex longitudinal perfusion gradient. Quantitative
comparison of the baseline rest image to the follow-up rest image (E) shows improvement in the size
of the defect from 23.9% to 8.6% of the left ventricle, which is outside =2 SDs of normal; a
homogeneity index improving from 0.39 to 0.45; and improvement from 21.1% to 41.8% of the
heart having activity in the highest range of greater than 80% of maximum counts.
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Figure 5. (continued)
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Figure 6. Rest (A) and dipyridamole (B) images with abnormal heterogeneity of resting perfusion
and a mild base-to-apex longitudinal perfusion gradient, both outside =2 SDs of normal with no
localized regional defect (C), characteristic of mild diffuse early CAD documented by coronary
calcification and noninvasive CT coronary arteriogram.

visible narrowings throughout the coronary arterial tree thereby suggesting that resting perfusion abnormalities due
without significant localized flow-limiting stenosis. to endothelial dysfunction also improve after treatment, as
In the Lifestyle Heart Trial,”® the resting perfusion illustrated in Figure 5 previously and consistent with inva-

defects improved, as did the stress perfusion defects, sive measures of coronary endothelial dysfunction after
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lipid-lowering treatment. In the adenosine sestimibi SPECT
postinfarction evaluation (INSPIRE) trial”* and the clinical
outcomes utilizing revascularization and aggressive drug
evaluation (COURAGE) trial,”* changes in resting perfu-
sion defects on follow-up imaging may provide insights on
our hypothesis regarding endothelial function, but these
studies are not yet completed.

ABSOLUTE BLOOD FLOW IN MILLILITERS PER
MINUTE PER GRAM?

Although objective quantification of relative myocar-
dial perfusion is essential for following changes in CAD,
determining absolute myocardial perfusion in milliliters per
minute per gram is not, for several reasons’”: (1) mathe-
matical models for calculating absolute perfusion greatly
magnify relative differences in radionuclide uptake into
greater differences in absolute perfusion that are subject to
substantial errors and greater variability than relative uptake
alone; (2) the assumptions inherent in these mathematical
models for calculating absolute myocardial perfusion are
open to question, which limits clinical reliability; (3) accu-
rate determination of the arterial input function required for
models of absolute perfusion is technically difficult and
makes PET data acquisition so complex that it causes
substantial variability and is rarely used in clinical practice;
(4) absolute quantification of myocardial perfusion also
requires assumed corrections for partial volume errors that
are equally questionable; and (5) quantification of relative
myocardial uptake is optimal for changes in CAD without
the assumptions and manipulation of the primary data
inherent in calculating absolute perfusion.

CONCLUSIONS AND COMMENT

With current improved PET scanners, recent quantita-
tive software, and cardiac-specific PET technology, defin-
itive studies are now possible to address the role of PET
perfusion imaging for early coronary atherosclerosis, for
coronary endothelial function, and for their changes during
progression or regression as guides to vigorous treatment to
prevent, stabilize, or reverse the disease.

High-quality myocardial perfusion imaging provides
the basis for nuclear cardiology to achieve a more central
role in cardiovascular medicine. Invasive cardiology cur-
rently dominates the management of CAD, largely as a
result of the integration of diagnostic and therapeutic
procedures. Similarly, the nuclear cardiologist may achieve
definitive status comparable to the invasive cardiologist by
using PET perfusion imaging, as illustrated here, integrated
with vigorous short- and long-term clinical management,
including definitive decisions regarding revascularization
procedures, cardiovascular drugs, aggressive lipid treat-

Journal of Nuclear Cardiology
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ment, risk factor control, and intense lifestyle modification,
with follow-up in a diagnostic-therapeutic clinical service
provided by that nuclear cardiologist.
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