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plaints. With the new method, the
choice of management options could
be grounded on objective assessment
of the functionalconsequences of cor
onaiy occlusions. In 1941, therapies
were few and choices were limited.
However, duringthe ensuing five de
cades, pharmacologic and surgical
treatment modalities proliferated. UI
timately, some were shown to impact
positively on the naturalhistoryof dis
ease. In this context, easily applied,
preferably noninvasive, periodically
repeatableapproaches to prognostica
tion assumed ever greaterimportance.

Fortunately, as the need grew,
many technical developments en
hanced the capacity for noninvasive

prognostication. Exercise electrocar
diographycontinues to evolve in diag
nostic and predictive accuracy, most
recently as computer-based technol
ogy permits extraction of new nuggets
of informationfrom the sarcolemmal
response to ischemia (2). However,
the current standard for noninvasive
prognosticationinvolves radioisotopic
imaging during stress to measure the
functional importance of occlusive
lesions. Beginning with brilliant pio
neering efforts in perfusion scintigra
phy (3â€”5),shortly thereafter supple
mented by direct assessment of
ventricular performance during exer
cisc (6), scintigraphic stress testing
has provided a sound objective basis
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EDITORIAL

AtherosclerosisImaging:PathophysiologicalAssessmentfor a
NewEra
In 1941, Arthur Master introduced

the two-step electrocardiogram(1)
and dramaticallyaltered management
decision-making in patients with
chronic stable coronary artery dis
ease. Previously, necessary prognos
tic inferences in such patients were
based primarily on subjective com
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for risk-stratificationand management
decision making in patients with cor
onaiy artery disease (7â€”13).

As data have accumulated, how
ever, it has become increasingly clear
that radionucide-based stress testing,
with exercise or with drugs (14), falls
well shortof ideal as a prognostic tool.
Scintigraphic methods permit effec
tive determinationof relative risk and
of risk stratification; comparison of
these characteristicswith andwithout
therapy is possible, thus fulfillingthe
requirements for influencing manage
ment decisions. However, scintigra
phy is woefully lacking in estimation
of absolute risk. This is particularly
true in the target population of great
est interest: patients with stable and
tolerable or even absent symptoms
and little or no priormyocardial dam
age for whom therapeutic plans pri
manly are aimed at preventing death
or infarction. This population com
prises more than 90% of those pre
senting for evaluation (12). Among
such patients, the radionucide-de
fined subgroup at highest risk can cx
pect, on average, annual mortality of
slightly less than 10%in the absence
of surgical therapy; major ischemic
event risk is only modestly higher
(13). These numbers are similar to
those achievable in patientswith inva
sive arteriographicevaluation (15) and
may be far higherthan the risk in sim
ilarly ischemic patients who undergo
coronal)' bypass grafting (16). How
ever, the overwhelming likelihood for
the individualpatient thus identifiedis
that he or she will be alive a year later
irrespective of the management
scheme employed. As a corollaiy,
confidence limits for the likelihood of
an event in any single patient within
the high risk group are 0% and 100%
over the same one-year period. In
contrast, the ideal prognostic discrim
inator would provide 100%certainty
during the year in question. Life-pro
longing therapy thus could be confi
dently and cost-effectively rationed to
those at risk, and ethically and appro
priately withheld from those in whom
events will not occur. Although such
prognostic certainty may never be
achievable in biological systems,

nonetheless it is reasonable to seek far
greater certainty than we can now
command.

What is the basis of the mismatch
between current objective testing
strategies and optimal prognostica
tion? The predictive value of radionu
cide-based descriptors now employed
is grounded in a statistically valid but
biologically indirect association be
tween the functional severity of isch
emia caused by an occlusive lesion
and the likelihood of sudden anatomic
alterationof that lesion. Stated in an
other way,peoplegenerally do not die
because of L@chemia induced (and
measurable) during exen@Lce;rather,
they die of a sudden change in the
underlying lesion, which dramatically
alters coronary flow pattern and ren
ders the myocardium electrically un
stable and mechanically ineffective. It
is fortuitous, but largely coincidental,
that lesions which cause the greatest
dysfunction during exercise are those
that are statistically most likely to un
dergo sudden alteration. It is, of
course, possible that biological link
ages may exist between exercise-in
ducible dysfunction and lesion alter
ation, e.g., hemodynamic shear
stresses on anatomically severe le
sions [which are most likely to cause
dysfunction (17)]often may be greater
than those impacting on less severe
lesions and may hasten sudden struc
tural alteration. Nonetheless, we now
know that sudden change often occurs
among anatomically and functionally
modest lesions, whereas the most se
vere stenoses can manifest remark
able stabilityover time. Thus, the nat
ural history of the patient is
determined primarily by the natural
history of the atherosclerotic lesion. It
follows then that improvement in
prognostication and management de
cision-making must be achieved by
providing the â€œmissinglinkâ€•between
testing strategies and the natural his
to!)' of the coronaiy lesion. This miss
ing link is direct interrogationof arte
rial wall biology.

The technological armamentarium
for characterizing lesions in vivo has
grown rapidly in recent years. Both
invasive (digitalcontrast angiography,

echocardiographic catheterization,
angioscopy) and nornnvasive (trans
esophageal echocardiography, mag
netic resonance imaging) modalities
not employing radioisotopes have pro
liferated to describe lesion shape and
anatomic structure. Relatively poor
spatial resolution inherently limits ra
dionucide-based methods from char
acterizing lesions in this way. How
ever, radioisotopictechniques possess
inherent advantages unique among
current imaging modalities: in theory,
virtuallyany metabolically active mol
ecule can be isotopically labeled,
permitting direct interrogation of bio
chemical/metabolic processes. (In
deed, historically, this fact was crucial
in the development of nuclear mcdi
cine as endocrinologists first married
biology and imagingtechnology in the
thyroid.) In the heart, this capacity
has been employed most dramatically
in the applicationof positron emission
tomography to interrogate myocyte
energy metabolism. The resulting in
sight into the biology of ischemic myo
cardium has served as the techno
logical template for the clinically
important assessment of myocardial
viability (18). As illustrated by the out
standing study by Demacker et al. in
this issue ofthejoumal, radionucides
canbeemployedtocharacterizeaPe
rial wall biology as well (19). Thus,
together with the capacity to identify
lesions by external imaging, radioiso
topes may help to improve the cer
tainty of prognostication by highlight
ing important biochemical/metabolic
characteristics.

Several groups of investigators
have contributed importantly to the
present state of atherosclerosis imag
ing. Nonetheless, the development of
this field is largely attributableto the
pioneering work of Robert Lees and
his coworkers (20â€”25)who brought to
their task a background of 30 yr of
well-recognized research in athero
genesis. Lees conceived the in vivo
tracking of arterial lipoprotein metab
olism with radiolabeled atherogenic
molecules, published the first prelimi
nary results of â€˜25I-LDLimaging in
rabbitswith balloon-deendotheialized
aortas in 1980 (24) and later developed
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@Tc-LDLfor imaging both rabbits
and humansubjects (23,25). Lees' mi
tial efforts were instructive but were
of limited practical utility: target-to
background activity ratios were sub
optimal for external imagingof the ar
teries. Target-to-backgroundratio, or
contrast, in this setting is affected by
several factors, includingthe absolute
and relative affinities of the labeled ii
gand for its receptor, the duration of
its residence at the target site, the
clearance rate of background activity
from the blood and the photon flux
achievable at the target site, itself in
part a function of the size of the car
rier molecule and the numberof pho
ton-emitting nuclei which can be car
ried. LDL, a large (2.5 x 10@Daltons)
molecule, is not filtered through the
renal glomeruli and is cleared slowly
from the blood. LDL can bind to mul
tiple sites, including the so-called
â€œLDLreceptor,â€•in many tissues be
sides the arterial wall, thus adding to
background. Finally, Lees' labeling
resulted in relatively few emitter-nu
dci per LDL molecule, limiting

achievable photon flux at the target.
In theory, the atherosclerotic lesion

can be imagedusing probes other than
atherogenic molecules. Thus, for cx
ample, imaging might be achieved
with ligands to platelet or fibrinrecep
tors to make use of the propensity of
lesions to cause in situ thrombi;alter
natively, endothelial or other cell sur
face receptors, altered or otherwise
characteristic of atherosclerotic le
sions, mightbe identifiedby appropri
ately structured and labelled ligands.
The latter option was explored in a
brilliantlyinnovative series of studies
by Fischman et al., first reported in
1989 (26). These investigations were
based on the observation that mac
rophage-derived foam cells, heavily
represented in â€œfattyplaquesâ€•,cx
press a high density of cell-surface Fc
receptors (27). Fischman and his co
workers correctly reasoned that non
specific polyclonal immunoglobulin G
(each molecule of which contains an
Fc subunit)when appropriatelyradio
labeled would target the foam cells
and permit identificationof lesions.

The work of Demacker et al. cx

tends Fischman's pioneeringobserva
tion; in testing a number of crucial
hypotheses, it is of major importance
on several levels. The noteworthiness
of this effort rests as much on its crit
ical negative results as on its impor
tant positives in response to the fol
lowing hypotheses:

1. Polyclonal IgO and, specifically,
its Fc subunit, is preferentially
bound to atherosclerotic plaque,
in confirmation of Fischman's
originalobservation.

2. Fc uptake is a function of the
foam cell content of the plaque
(itself inferred from the age of
the rabbit).

3. Uptake is modifiable by thera
pies which lower cholesterol or
otherwise minimize atheroscle
rosis development.

4. The relationship of ligand-recep
tor affinity and blood clearance
of tracer provide a target-to
background ratio adequate for
recognition of lesions by exter
nal imaging in an animal model
of spontaneous atherosclerosis.

5. As a corollary, the balloon deen
dothelialized aorta model em
ployed by Fischman is an ade
quate imaging surrogate for
atherosclerosis resulting sponta
neously from genetic predisposi
tion and normal diet.

From their data, Demacker et al.
legitimately could conclude that poly
clonal IgO and, specifically, Fc frag
ments, indeed are preferentially
bound to atherosclerotic lesions, most
particularly in young lesions in which
the putative macrophage target, the
foam cell, is most abundant.The latter
observation is potentially important.
In man, the foam cell-laden fatty
plaque appears to be relatively unsta
ble, more likely to rupturewith con
sequent sudden thrombus formation
than is the fibrous plaque in which
foam cells are less numerous.
Demacker further observed, however,
that uptake was not modifiable by
therapiesbelieved to beneficially alter
the atherosclerotic process. Since the
therapies employed in the study are
not of proven efficacy clinically in re

ducing ischemic events, unequivocal
interpretationof this negative is not
possible. However, the result may in
dicate the inadequacy of the cell-sur
face Fc receptor as a target for prob
ing the biology of atherosclerosis to
inform management decision making:
inability to assess the effectiveness of
therapy would be an unfortunateurn
itation for such a technique. Most im
portantly, though, Demacker et al.
found that, in the setting of spontane
ous atherosclerosis, the relationship
of target affinity and blood clearance
of the large antibody molecule and of
the antibodyfragmentis inadequateto
permit resolution of atherosclerotic le
sions by external imaging. By exten
sion, these workers have highlighted
the importance of the surrogate se
lected to model human disease. The
deendothelialized aortawas chosen to
model human atherosclerosis based
on the belief that most lesions are ini
tiated by nonspecific endothelial in
july (28). However, the regrowth of
endothelium after injury in the rabbit
may fail to adequately model the pro
cess which occurs spontaneously in
man. The WHHL rabbitemployed by
Demacker et al. is deficient in LDL
receptors and thus, on a normal diet,
abnormally accumulates arterialwall
cholesterol to form lesions reminis
cent histologically of those found in
man. Although Demacker's negative
results may have been influenced by
sex distributionwithintherabbitpop
ulation (sex and gravidity directly af
feet lesion cholesterol metabolism in
the WHHL rabbitand sex distribution
is not reportedby the investigator), it
is more likely that the tracer, itself,
was not adequate to its task. Several
inferences may be drawn from this
finding. First, judicious selection
among the availableanimalmodels
maybe criticalinidentifyingclinically
useful atherosclerosis imagingagents.
Second, if the ingenious Fc fragment
approachis to be furtherdeveloped to
interrogate the biology of atheroscle
rosis by external imaging, then the
specific Fc receptor binding site must
be identifiedand maintainedwhile the
remainder of the peptide must be en
gineered to facilitate blood clearance.
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Although the latter task is formidable,
the work of Fischman and of Dc
mackersuggests that the effortmay be
handsomely repaid.

A precedent now exists for such
molecularengineeringto facilitateath
erosclerosis imaging.As noted above,
Lees' early approach foundered pri
manly on the same rocky shores as
Demacker's: given its target affinity,
the large LDL molecule is cleared too
slowly from the blood to permit useful
external imaging. In response to this
problem, Lees and his coworkers
went about the painstaking task of
identifying a small LDL fragment
which would overcome the technical
roadblock. Reasoningthat the apopro
tein determineslesion binding,they
split lipid-free apolipoprotein B into
several domains, some sufficiently
small to permit rapid renal clearance.
In choosing a peptide for further de
velopment, they avoided the LDL re
ceptor domain to preclude the exten
sive and potentially confusing
noncardiac binding caused by the
wide distribution of the LDL recep
tor. The result of their search was an
18 amino acid, 2000 Dalton nonanti
genic peptide fragment,now manufac
turedsynthetically and known as SP-4
(29). When labeled with radioiodine or
technetium, SP-4 manifests high affin
ity for atherosclerotic plaque and
rapid blood clearance by renal excre
tion. The molecule not only is avidly
taken up by the growing endothelial
edge in balloon-denuded aorta but re
cently has been demonstrated to man
ifest similarly high affinityfor sponta
neous atherosclerotic plaques in
WHHL and cholesterol-fed New
Zealand white rabbits (30â€”33).The
latter studies, performed in my labo
ratory (30â€”32)and in a sister institu
tion (33), also have demonstrated the
feasibility oflesion detection by exter
nal imagingand have been sufficiently
promising that they have spawned the
first clinical trial of the technetium
labeled agent, which is now under
way. In addition,these studieshigh
lighted the critical importance of sub
tle variations in secondary and tertiary
molecular structureresulting from ra
diolabeling: both clearance rate and

target residence time were signifi
cantly affected by replacing the ty
rosine-bound iodine label with the
chelator-boundtechnetium and by al
tering the position of the chelated
technetium. Although its binding site
has not yet been directly identified,
SP-4, like the Fc fragment, appears to
be relatively specific for fatty plaque.

Finally, and perhaps most impor
tantly, the growing interest in radio
isotope imaging and characterization
of atherosclerotic plaque carries po
tential for an extraordinarytherapeu
tic byproduct: in bindingto the lesion,
the carriermolecule may, at least tran
siently, alter the capacity of the lesion
to receive other ligands. If appropri
ately engineered, the diagnostic tool
(minus its label) could thus become a
therapeutic agent. Moreover, since
prevention and treatment meet at the
molecular level where pathophysio
logical processes are fundamentally
expressed, one mighteven foresee the
development of agents, analogous to
those of Fischman, Demacker and
Lees, for prevention of the very dis
ease they have been designed to iden
tify! Perhaps the most exciting aspect

ofthe growinginterest in radioisotopic
atherosclerosis imaging therefore is
the inherent property which makes it
most unique: the capacity to explore
molecular pathophysiology. It is here
that nuclear medicine may have its
most importantrole in the future.
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