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Objective--To quantify changes in size and severity of myocardial perfusion
abnormalities by positron emission tomography (PET) in patients with coronary ar-
tery disease after 5 years of risk factor modification.

Design.-Randomized controlled trial.
Setti ng.-Outpatient community setting.
Intervention--Randomization of patients to risk factor modification consisting

of very low-fat vegetarian diet, mild to moderate exercise, stress management, and
group support (experimental group, n=20) or to usual care by their own physicians,
consisting principally of antianginal therapy (control group, n=15).

Main Outcome Measures.{uantitative coronary arteriography and PET at
baseline and 5 years after randomization. Automated, objective measures of size
and severity of per{usion abnormalities on rest-dipyridamole PET images and of
stenosis severity on afteriograms were maoe by computer algorithms.

Results.-Size and severity of perlusion abnormalities on dipyridamole PET im-
ages decreased (improved) after risk factor modification in the experimental group
compared with an increase (worsening) of size and severity in controls. The per-
centage of left ventricle pedusion abnormalities outside 2.5 SDs of those of normal
persons (based on 20 disease-free individuals) on the dipyridamole PET image of
normalizedcountsworsened in controls (mean+SE, + 1 0.3%+5.6%) and improved
in the experimentalgroup (mean *SE, -5.17"+ 4.8"/") (P=.02);the percentage of left
ventricle with activity less than 60% of the maximum activity on the dipyridamole PET
image of normalized counts worsened in controls (+ 13.5%+ 3.8%) and improved
in the experimentalgroup (-4.2ok+3.8o/o) (P=.002); and the myocardialquadrant on
the PET image with the lowest average activity expressed as a percentage of maxi-
mum activity worsened in controls (-8 .lyo-r2.3o/") and improved in the experimenial
group (+4.9%*3.3%) (P=.001). The size and severity of perfusion abnormalilies on
resting PET images were also significantly improved in the experimental group as
compared with controls. The relative magnitude of changes in size and severity of
PET pefusion abnormalities was comparable to or greater than the magn'itude of
changes in percent diameter stenosis, absolute stenosis lumen area, or stenosis
flow reserve documented by quantitative coronary arteriography.

Conclusions.-Modest regression of coronary artery stenoses after risk factor
modification is associated with decreased size and severity of perfusion abnor-
malities on rest-dipyridamole PET images. Progression or regression of coronary
artery disease can be followed noninvasively by dipyridamole PET reflecting the
integrated flow capacity of the entire coronary arte.al t'tt''u1,1-1;u. 
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LIPID-LOWERING trials in patients
with coronary atherosclerosis have dem-
onstrated no progression or partial re-
gression of coronary artery stenoses by
coronary arteriography compared with
progression of stenosis severity in con-
trois treated with standard therapy.r-ä
However, these regression trials share
several common limitations, including the
following: the degree of reglession was
anatomically modest, being 57" to l}Vo
diameter stenosis units; percent diameter
stenosis is poorly related to flow capacity
of coronary arteries or coronary flow re-
serrye'ä*t; progression or regression of
coronaq/ a1tery stenoses may be associ-
ated with compiex shape changes or re-
modeling,a in n'hich the integrated hemo-
dlrramic effects ofpercent nan"owing, ab-
solute arterial lumen area, and iength are
not accounted for by any single geometric
dimension such as percent stenosisr$-'r';
and quantifi.ing single focal stenoses on
coi'onary arteriograms does not account
for multiple stenoses, cliffuse atheroscle-
losis, or the associated vasomotor abnor-
malities frequently plesenfrtr 3i and there-
fore does not reflect the perfusion capac-
ity of the entire integrated coronary
aiterial circulation affected by athero-
.qcierosis.

Although ser.eral lipidJorrering trials
have demonstrated only modest reduc-
tion in percent diameter narrowing in
treated vs control gr.oups, these studies
have reported a proportionately greater
decrease in cardiac el'ents in treated
groups.* In vieu,' of current widespread
interest in the noninvasive management
of coronary atherosclerosis by choies-
terol-lowering drugs, diet, exercise, and
behaviorai interventions, the potential
impact of these trials on clinical practice
is substantiai, but data on changes in

*References 2, 5 11, 14 15, 17 19, 22 24
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myocardial perftsion abnormalities cor-
respondingto the observed arteriograph-
ic changes are lacking. Accordingly, we
measured the size and severitv of mvo-
cardial perfusion abnormalitieö by pösi-
tron emission tomography (PET) at rest
and after diplr"idamole stress at baseline
and at an average follow-up of5 years in
patients with coronary artery disease
(CAD) randomized to the control group
orto the experimental group undergoing
intense risk factor modification.

METHODS

Study Patients
Patients selected for participation in

the risk modification pro'gram -e"" -"n
and women,41 to 70 years old, who had
CAD documented by arteriography, had
no recent myocardial infarction, were
not taking lipid-lowering drugs, had left
ventricular ejection fraction greater than
257o, and resided in the greater San
Francisco area of California. Individu-
als in each group gave informed consent
and were randomized after we obtained
baseline quantitative coronary arteri-
ography but before other baseline mea-
surements.r'a

Modification of risk factors has been
described previouslyr'a and consisted of
a low-cholesterol (<5 mg/d), low-fat
G70% of total energy intake) vegetar-
ian diet with L57o protein and,7|Va com-
plex carbohydrate augmented with vi-
tamin B,2.r'a Patients stopped smoking,
practiced stress management techniques
for t hour daily, and participated in mild
to moderate aerobic exercise 3 hours
per week. Adherence to the program
was quantified by a score reflecting a
3-day diet diary, an exercise and stress
management diary, and confirmation of
smoking cessation by plasma cotinine
concentration. A total score of 1.0 indi-
cated, 100Vo adherence to the recom-
mended lifestyle changes, whereas a
score ofzero indicated no adherence. A
score greater than 1.0 indicated that pa-
tients did more than was recommencläd.

Quantitative Coronary Arteriography
Initial and follow-up coronary arte-

riograms were performed usingthe stan-
dard percutaneous femoral approach.
Detailed records ofthe view angles, x-
ray exposures, image intensifier, x-ray
tube, patient distances, and reference
catheter dimensions were maintained.
These same characteristics were used
in follow-up arteriograms to reproduce
views and exposures as closely as pos-
sible. Angiograms were analyzed si-
muitaneously in pairs by a technician
unaware of ciinical data or group as-
signment using automated border rec-
ognition and stenosis analysis techniques
to avoid the potential bias, imprecision,

and uncertainties of visual interpreta-
tion. The primary stenosis dimensions
measured by the automated arter-
iographic program previousiy de-
scribedl'1,25-2e include proximal diameter
and cross-sectional lumen area, minimal
diameter and area, distal diameter and
area, the exit angle and exit shape ef-
fects, and calculated measures ofsever-
ity, including percent, diameter steno-
sis, percent area narrowing, integrated
length-area effects, and stenosis flow
reserve. This program has been vali-
dated in three separate experimental
studies,2c* applied in humans,l'a,$3e'ro rn4
used routinely in approximately 5000
clinical arteriograms in our laboratory.
The 95Vo confidence interval for steno-
sis {low reserve is +0.66, with a repro-
ducibility of primary dimensions of i3Z,
tO +5Ea.t,1,25'2e

PET lmaging
As previously described,30-+:r PET im-

aging of myocardial perfusion was per-
formed at rest and after administration
of dipyridamole. Fluoroscopy r,l'as used
to mark the cardiac borders for patient
positioning. The PET imaging wäs per-
formed using the University of Texas-
designed cesium fluoride, multislice
tomograph with a reconstructed reso-
lution of 12 mm full width at half maxi-
mum (FWHM) in plane and 14 mm
FWHM axially. Transmission images
were obtained to correct for photon at-
tenuation using the segmented atten-
uation corection method.aa Emission
images were obtained foilowing intra-
venous injection of 18 mCi of cyclotron-
produced nitrogen 13 (1BN) ammoniar6 aB

or after 40 to 50 mCi ofgenerator-pro-
duced rubidium 82, depending on avail-
ability of a generator (Bristol-Myers-
Squibb, Princeton, NJ). The radionuclicle
used at baseline was also used in the
final follow-up PET study.

At 5 to 10 minutes after the first dose
of rubidium 82 or at 40 minutes after
administration of the tirst dose of am-
monia to allow for decay of the first
radionuclide dose, dipyridamole (0.142
mg/kg per minute) ll'as infused intra-
venously for 4 minutes. Two minutes
after the infusion was complete .25Vo of
predetermined maximal handgrip was
held by the patient with one hand for 4
minutes. Two minutes after the start of
the handgrip, a second dose of the same
amount of the same radionuclide was
injected intravenously, rvirh the hand-
grip continued for 2 minutes. The PET
imaging was then repeated by the same
proiocol as for the resting study.

Transmission scans contained 100 mii-
iion to 150 million counts. Emission scans
of the whole heart contained 20 million
to 40 miilion counts for 15 to 20 mCi of

intravenous rBN ammonia and 1b million
to 25 million counts for 40 to 50 mCi of
rubidium 82.

Baseline and finai dipyridamole im-
ages were displayed together for dilect
side-by-side comparison and were visu-
ally interpreted by three indepencient
readers blinded to patient identification.
quantitative data, treatment group, anci
all clinical information. The image pairs
were randomized and were indepen-
dently read by the three blinded räad-
ers as worse, better, unchanged, or shorv-
ing mixed changes for different direc-
tionai changes in the four quadrants and
apex as described below. The visual
change from baseline to final PET im-
age was scored as no change, zeto, or
improved on a scale of *1, correspond-
ing to definite but mild improvement. to
*3 for maximal improvement, or -1 for
definite but mild worseninE to -B for
maximal worsening. A *l change cor-
responded to a one-color difference (es.
red vs yellow, representing a step in
count density of I57o of maximum) be-
tween baseline and final PET scans: a
+2 change corresponded to a tu'o-color
difference (eg, red vs green); ancl a -3
change corresponded to a three-color
difference (eg, red vs blue) for a color
scale as shown in Figure 1. An1'change
of +1 or greater was considered im-
proved. Any change of -1 or less rl-as
considered worse. Any studr. tith a
change in one part ofthe healt of - I nl
greater and a change in another pan of
-1 or less was considered to be a rliretl
change.

All measurements of severitr- ancl size
of perfusion defects were cai.r'ie.l out
by computer analysis as previoush- cle-
rgri[sclt6ä;Jr-+n without operatol inrer'-
pretation, visual drawing of bordels,
visual location of defect, or anr- orher
operator interaction. backg'i'ounrl sub-
traction, image enhancement, ol' other
image manipulation. A three-dirnen-
sional restructuring algorithm genet'ated
true short- and long-axis vieu-s from
PET transaxial cardiac imases and
three-dimensional views of the left ven-
triele as viewed from the risht (senrel r

anterior, left lateraL, anJi"i?r.t:,.i-".-,
reflecting relative regional activit]- dis-
tribution at rest and alter dipyriclamole
stress. Polar maps and tlrree-dimensional
."'iews are divided into fixed sections con-
sisting of septal, anterior, lateral, and
inferior quadrants and an apical seg-
ment of the polar or three-dimensional
display.to*:;s'a0 The baseline PET scan
was compared with the final PET scan
by automated analysis of differences in
size and severity of perfusion abnormali-
ties, also without operator judgment,
seiection of areas of interest, or image
manipulation.

@1995 American Medical Association. All riehts reserved. (Reprinted) JAMA, September 20. 1995-Vol 274. No. I I g9S



Figure 1.-Top left. Orientation of three-dimensional positron emission tomog-
raphy (PET) images. Top right, Example of PET after dipyridamole at baseline
(upper row) and after 5 years as a control patient (lower row) in right (septal),
anlerior, left lateral, and inferior views. Relative radionuclide uptake is shown
in a graded-color scale ranging trom maximum activity (100%) in white down-
ward in 5"/o increments corresponding lo lhe stepped color scale through red,
yellow, green, blue, and black as minimum activity, shown in the color bars. The
final study (lower row) compared with baseline (upper row) shows worsening
throughout the heart, particularly inferioriy, corresponding to progression of
three-vessel disease by quantilative coronary arteriography. Bottom righi, Ex-
ample of PET after djpyridamole at baseline (upper row) and alter 5 years of
lilestyle change (lower row) with the same views and color scale. The inferior
pertusion defect becomes less severe with better, more uniform perfusion in the
defect and in the rest of the heart corresponding to regression of three-vessel
disease by quantitative coronary arteriography.

The end points ü'ere the severity and
size of pelfusion defects on PET images
at rest and after dipyridamole stress,
defined as follows: The end point lo'Llest
qtnd ro nt aüeragc was the average num-
ber of normalized counts for the ouad-
rant having the lowest averäge activity,
in which an anterior, septal, lateral, and
inferior quadrant sur"round a central
apex area. The mean value for any given
quadrant with the lowest or minimum
activity was the quadrant that contained
the most severe perfusion defect. This
lowest quadrant average was deter-
mined for the PET image at rest after
dipyridamole stress. This end point
quantified the relative severity of the
perfusion abnormality. For example, a
value of 657o would indicate that the
mean count value for lhe quadrant with
the lowest counts, and therefore con-
taining the perfusion defect, u'ould be
657o of the normal maximum of I00Vo.

The end poinL percentclge outsiaLe 2.5
SDs was the size of the perfusion defect
determined as the percentage ofthe car-
diac image outside 2.5 SDs of that of
normal individuals (based on 20 disea.qe-
free persons) for the PET image at rest
or after dipyridamole stress. Because
2.5 SDs includes 97.6Vo of the normal
distribution, there was only a 2.4Vo

chance that normal values outside 2.5
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SDs wouid be obsen'ed.
The end point percentage utith a ratio

less than 0.6 was a measure of combined
severity and size ofperfusion abnormali-
ties determined as percentage of my-o-
cardium with activity of less than 60% of
maximum activity (I007a) on the PET
image. This measurement gives the size
of the defect characterized by the se-
verity threshold of less than 607a of the
normal maximum of 100Vc, and there-
fore reflects the combined intensity and
size of the defect on the PET image. A
value ofless than 0.6 or less than 60Vc of
maximum on the PET image is approxi-
mately 3 SDs below the normal mean of
807o+77a of maximum activity. Because
3 SDs contain 99.7Vo of the normai dis-
tribution, there was less than a 0.37o
chance that normal values wouid be ob-
served below 607o of maximum acti"'itv.

Statistical Analysis
Changes in perfusion abnormalities

from the baseline to the final PET were
compared between experimental and
control groups by unpaired, one-tailed t
test for continuous variables.rr"{8 Data
are reported as mean+1 SEM unless
otherwise noted, reflecting the variabil-
ity of means in each group and calcu-
lated as the SD divided by the square
root of n, where rz is the sample size of

the gr:oup. A one-tailed I test u.as jus-
tified on the grounds that improved life-
styie changes would not be expected to
make perfusion abnormalities worse, as
specified at the beginning ofthe study.
Two-taiied I tests are also reoorted as
more rigorous tests of significance.
Analysis of valiance u,'as carried out us-
ing the Bonfelroni post hoc correction
algorithmrs-1s in Statview software (Aba-
cus Concepts Inc, Berkeley, Calif). For
discrete variables such as number or
percentage of subjects showing changes
greater than 1 SD from baseline values,
significance of differences between
groups lvas determined by Fisher's ex-
act test (one tailed).a#

Sample size was determined in initial
trial design by power calculations from
estimated changes expected and vari-
ability of quantitative afteriographic end
points, the primary end points as pre-
viousiy reported for l-year follou-up.ir
In vievu- of previous reports on changes
in arteriographic stenosis severity in
thisr'a and other trials,l-24 we report ar-
teriographic changes oniy briefly in com-
parison to PET results.

At entry into the study, four patients
had one or more completely occluded
coronary arteries with extensive collat-
erals to viable myocardium. These pa-
tients demonstrated severe perfusion ab-

(Reprinted) @1995 American Medical Association. All rights reserved



Table 1.-Changes in Bisk Factors+

Experimental Group Control Group

Rlsk Factor 5-y Follow-up Change Baseline 5-y Follow-up Change

Systolic blood pressure, mm Hg 128+'t4+ 127 +'t3

Diastolic blood pressure, mm Hg -5a9 tt=I -5r13
Weight, kg 83* 1 25 -8:16 76* 18 <.001

Cholesterol, mmol/L (mgidL) 5.80+ 1.35
(225 +53)

4.50+0.85
(1 75+33)S

-1.30+0.95
(-50+37)

6.45+0.95
(250+37)

5.95+0.85
(230133)

-0.5011.10
(-20+43)

LDL cholesterol, mmo/L (mg/dL) 3.7011.30
(1 43 + 50)

2.65+0.90
(1 03+35)S

-1 .05+ 1 .03
(-41 +40)

4.35+0.78
(1 68+2e)

3.80+0.90
(1 48+ 35)

-o.50+1.00
I-1o+"c\

IJ

HDL cholesterol, mmol/L (mg/dL) 1.05+0.30
(40t12\

0.90+0.30
(35* 1 1)

-0.15+0.35 1.35+0.55
(53*22\

1.30+0.40
/q0+ 1A\

-o.03+0.40
(-1 a 15)

Triglycerides, mmol/L (mg/dL) 2.58i 1.34
(228+115)

2.78+1.20
(247+1O7)

+0.221 0.98
(+1 9+87)

2.62+2.84
(232+251)

2.20x0.76
(1 94+67)

4.42+2.82
(-38a250)

35

Adherence 0.67 !0.37 '1.14+0.245 +0.55 J0,29 0.60 +0.29 0.71+O.27 +0.09+0.19 <,001

*LDL indicates low-density lipoprotein; and HDL, high-density lipoprotein. Numbers indicate meanal SD unless otherwise indicated
tP for change, experimental group vs control group,
+For baseline vs experimental period, t.03.
$For baseline vs experimental period, P<.001.
I See text tor explanation.

normalities and myocardial steal after
dipyridamole stress by PET. Myocar-
dial steal by PET after dipyridamole
stress is diagnostic for substantial coro-
nary collateralization as compared with
coronary arteriography.al Areas of myo-
cardium showing myocardial steal would
not be expected to show decreased size
or severity of perfusion abnormalities
conesponding to stenosis regression be-
cause the artery is occluded and usually
does not reopen with lipid lowering. Myo-
cardial steal and severity of perfusion
defect afber dipyridamole stress increase
with time as resting collateral supply
improves to myocardium distal to the
occlusion.ae Accordingly, image data
were analyzed both with and without
the four patients with myocardial steal.

RESULTS

Of the 48 patients enrolled,five(257o)
of 20 patients in the control group and
eight (297a) of28 patients in the experi-
mental group dropped out or were un-
available for follow-up study, including
one control patient with bypass surgery,
leaving 35 patients for anaiysis. Fifteen
patients (12 men and three women) were
in the control group and 20 patients (all
men) were in the experimental group.
Mean age of the experimental group was
57+6 years and of the control group
62-t8 years.

Time from baseline control PET to the
flnal PET study was 5.0-10.2 years
(mean-r1 SEM) and was comparable for
control and experimental groups (5.1 + 0.2
years vs 4.9+0.2 years, respectively).
Baseline characteristics ofthe control and
experimental study groups were compa-
rable, as previously reported.r

Differences between the control and
experimental groups in the change from
baseiine to average values during the
follow-up period for blood pressure,
weight, serum cholesterol level, and ad-
herence to the exercise, diet, and stress

management program are shown in
Table 1. At final follow-up there was no
difference in frequency, duration, or se-
verity of angina pectoris between ex-
perimental and control groups, most
likely due to revascularization proce-
dures performed in the control group.
Ttenty patients (57 Vo) w ere studied with
13N ammonia at baseline and final PET
studies, and 15 patients (437a) were stud-
ied with mbidium 82 at baseline and
final PET studies, with the same pro-
portion in the experimental and control
groups. No systematic differences in the
changes frombaseline to final study were
observed between these two perfusion
radiotracers in the experimenial vs the
control group.

Figure 1, top right, shows the perfu-
sion images in a control patient after
dip;'ridamole at baseline (upper row) and
at final follow-up 5 years later (lower
row). In this control patient, the final
study in comparison to baseline shows a
marked decrease of activity in the in-
ferior myocardium and a definite but
less severe decrease in lateral, septal,
anterior, and apical myocardium, reflect-
ing decreased perfusion capacity corre-
sponding to progression of three-vessel
disease documented bv ouantitative
coronary arteriography. From a patient
in the experimental group (bottom rig'ht)
the final study in comparison to baseline
shows increased activity, particularly
in the inferior myocardium but also
in lateral, septal, anterior, and apical
myocardium, rellecting increased flow
capacity and regression of three-vessel
disease by quantitative coronary arte-
riography. These exampies illustrate
characteristic changes that occurred in
most patients.

Figure 2 shows the change in severity
of myocardial perfusion abnormalities
after dipyridamole stress measured as
the lowest quadrant activity expressed
as a percentage of maximum activity in

the heart. The quadrant with the lou'est
activity contains the most severe per-
fusion abnormality of the PET image
after dipyridamole stress. In the control
group, this lo'lvest activity decreased fur-
ther, indicating a more severe or \Ä'ors-
eningabnormalityon the final study com-
pared with the baseline study. In the
experimental group, the lowest quad-
rant activity increased, ie, became less
severe, indicating improvement in the
perfusion abnormality on the final study
compared with the baseline study. The
differences in changes between control
and treated groups were significant
(P=.001 for a one-tailed t test; P=.002
for a two-tailed I test; and a porver of
95Vo).

Figure 3 shows the change in size of
myocardial perfusion abnormalities af-
ter dipyridamole stress expressecl as
percentage ofthe left ventricle (L\-) out-
side 2.5 SDs of normal indivicluals. In
the control group, the size of the mr-o-
cardial perfusion defects incteaserl. in-
dicating a larger perfusion abnormalitr'.
In the experimental gloup, the size of
the perfusion abnormalities decreasecl.
indicating improvement. The diffelence
in the changes betw-een control ancl
treated groups was significant (P=.02
for a one-tailed I test: P=.05 for a tri-o-
tailed t test: and a Do\\-er of 70ct).

Figure 4 shows lhe change in corn-
bined size and severity end point er-
pressed as percentage of the L\- riith
activity less than 607c of maximuni ac-
tivity. In control patients. rhe pelcent-
age of the LV below 60% of marimlrrl
activit y increased, indicating u-olsening
of the perfusion abnormalitl'. In the er-
perimentai group, the percentage of the
LV below 607o of maximum activitv be-
came smaller, indicating impror enrenL
in the periusion abnormalitl'. The ,iif-
ference in the changes betu.een the con-
trol and experimental groups u-as sig-
nificant @=.992 for a one-tailecl 1 test:

@1995 American Medical Association. All riehts reserved. (Reprinted) JAMA, September 20, 1995 Vol 27,1. No. I I 897
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Figure 2.-Changes in severity of myocardial per-
fusion abnormalities by positron emission tomogra-
phy after dipyridamole stress. Severity is measured
as the lowest quadrant (as shown in Figure 1) av-
erage activity expressed as percentage of maxi-
mum activity. A decrease in activity, shown by a
minus sign, indicates worsening; an increase in ac-
tivity, shown by a plus sign, indicates improvement.
The values shown are mean:lsElvl, with n=16 for
the experimental and n=15 for the control group.

P=.004for aLwo-tailed t test; and power
of 957o).

Table 2 shows the changes in three
PET end points, including the four pa-
tients who, at entry, had occluded col-
lateralized coronary arteries and myo-
cardial steal after dipyridamole stress.
The values for the experimental group
(n=20) and the P values compared wilh
those for the controls (n=15) in Table 2
are somewhat different than in Figures
2 through 4. The differences in changes
between the control group and the ex-
perimental group (Table 2) remain sta-
tistically significant, although they were
nol as large due to unimproved size and
severity of perfusion defects associated
with myocardial steal in the four pa-
tients with occluded arteries at study
entry. For Table 2, P values are for
one-tailed I test, with the same results
with two-tailed t testing.

Figure 5 shows the percentage ofpa-
tients with significant changes, either
worse or better, in size and/or severity
of myocardial perfusion abnormalities
after dipyridamole stress. Significant
change in each of the three PET mea-
surements ofsize and/or severity ofper-
fusion abnormalities was defined as a
change in each PET measurement on
the final PET study that was greater
than 1 SD of each PET measurement on
the baseline sludies of the control and
experimental groups combined. The per-
centage ofpatients showing a threshold
change defined in this way was aver-
aged for each of the three PET mea-
surements, and the resulting percent-
age of patients is shown in Figure 5.
This analysis of patients based on a
threshold change shows that 45Vo of con-
trols had worsening defects, 507o showed
no change, and 57o showed improvement.
By comparison, most of the patients in

Figure 3.-Changes in size of myocardial perfusion
abnormalities by posltron emission tomography af-
ter dipyridamole stress. Size is measured as the
percentage of the left ventricle (LV) outside 2.5 SDs
of the normal range. An increase in size, shown by
a plus sign, indicates worsening; and a decrease in
size, indicated by a minus sign, indicates improve-
ment. The values shown are meanaSEM, with
n=1 6 for the exoerimental and n=1 5 for the control
group.

the experimental group showed im-
provement or no change. The difference
in these changes between the control
and experimental groups was significant
(P=.03 by Fisher's exact test).

As a secondary end point, PET im-
ages were also visually interpreted in-
dependent of the automated quantita-
tive analysis. Among three blinded read-
ers there was agreement in 33 of 35
patients on whether the baseline to frnal
dipytidamoie images showed visual
worsening, improvement, or mixed
changes. In the two patients requiring
consensus readings, all three readers
agreed that these two patients showed
mixed changes.

Visual interpretation of worsening or
improvement did not agree with auto-
mated measurements indicating wors-
ening or improvement in three patients
who had mixed changes that the auto-
mated method determined as a net total
change of improvement in one patient
and worsening in two, a quantitative
result not possible by visual interpre-
tation. In 31 of the 32 remaining pa-
tients, the automated measurements
concurred with visual interpretation of
worsening or improvement. In the one
case of disagreement between auto-
mated and visual analysis, the visual
interpretation was borderline improve-
ment, whereas the automated measure-
ments showed borderline worsening.

Analysis of variance with the Bonfer-
roni post hoc correction algorithm did
not change these conclusions; P values
for differences between the control and
experimental gr.oups for changes in size
and severity of perfusion abnormalities
by PET after dipyridamole were as fol-
lows: for lowest quadrant average
counts, P=.006; for percentage outside
2.5 SD limits, P=.04; for percentage with

Figure 4.-Changes in combined size and severity
of myocardial perfusion abnormalities by positron
emission tomography after dipyridamole stress.
The combined measure of size and severity is ex-
pressed as the percentage of the left ventricle (LV)
with activity less than 60% of maximum, which is 3
SDs below the normal mean of 80%. An increase in
size and severity is shown by a plus sign indicating
worsening. A decrease in size and severity is shown
by a minus sign indicating improvement. The values
shown are meantsEM, with n=16 for the expen-
mental and n=15 for the control orouo.

activity less than 60Vo of maximum ac-
tivity on the dipyn'idamole image, P=.01.

Myocardial perfu sion abnormalities by
PET at resting conditions prior to di-
py'ridamole stress aiso improved bul not
to the same degree as after dipyrida-
mole because resting myocardial perfu-
sion is less affected by coronary artery
stenoses than is maximum perfusion ca-
pacity after pharmacologic arteriolar va-
sodilation.25-3z The changes in size and
severity of perfusion abnormalities on
resting PET images were improved or
better in the experimental group as com-
pared with controls, with P values as
follows: forthe myocardial quadrant with
the lowest average activity, P=.02 by
one-tailed I test and P=.04 by two-tailed
f test; for percentage of LV activity with
less than 60Vo of the maximum activity
on the resting PET image, P=.01 by
one-tailed I test and P=.02 by two-tailed
t test; for percentage of LV outside 2.5
SDs of normalized counts, P=.06 by one-
tailed I test and P=.11 by two-tailed t
test.

Figure 6 compares the changes in
these lhree primary PET measurements
with the changes in mlnimum lumen di-
ameter, percent diameter stenosis, and
stenosis flow reserve documented by
quantitative coronary arteriographic
analysis. Since the units of these six
arteriographic and PET measurements
are different, the absolute difference in
changes between the control and ex-
perimental groups was expressed as a
percentage of the mean of each mea-
surement at baseline for all natients
without the minus or plus sign for di-
rection ofchange. For quantitative coro-
nary arteriography, the difference in
changes between the control and ex-
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% ot LV with aclavity
<60% of maximum

Table 2.-Changes in Perfusion Abnormalities by Positron Emission Tomography (PET)*

PET End Point Control Group Experimental Group

Lowest quadrant average
counts, 7o of maximum -8.8=2.3

% of LV outside 2.5 SDs + 10.3=5,6 -1.914.2

Control 55"/" 45% 
1

i'1% Experimental

100 80 60 40 20 20 40 60

Better or No Change, % Worse, %

Figure S.-Percentage of patients with signilicant
changes greater than a threshold change, as de-
fined below. in size and seventy of myocardial per-
fusion abnormalities by positron emission tomogra-
phy (PET) after dipyridamole stress. Significant
change in each of the three PET measurements of
size and severity of perfusion abnormalities was
defined as a change in each PET measurement on
the Jinal PET study that was greater than 1 SD of
each o{ the PET measurements on the baseline
studies of the control (n=1S) anO experimental
(n=16) groups combined. Values of each of the
three PET end points for each patient were aver-
aged separately for the experimental and control
groups.

Using end point measurements of ste-
nosis severity, arterioglaphic re glession
trials have compared average change in
stenosis severity betrveen conti'ol and
experimental gToups or have compared
the percentage of patients sholring a
change in severity greater than some
threshold vaiue, reflecting inherent vari-
abiiity of the measurement technique.
In this study we analyzed the PET data
usingboth ofthese approaches and found
concun'ing results.

LipidJowering trials have also char-
acteristically categorized patients or ste-
noses as showingregression or no change
as opposed to progression in severity.
The reason is that progl'ession is asso-
ciated with high risk of futul'e coronary
events, such as death, m1-ocardial in-
farction, bypass surgerJ'. or balloon an-
gioplasty, whereas partial regt'ession or
stability of coronary arterl' stenoses is
associated with low risk of coronary
events.2'15'50'?0 Accordingll-. in our analy-
sis based on threshold chanEe in the
PET images (Figure 5t. l-e caiegorized
patients as showing implovement or no
change vs progression in size and se-
verity of perfusion abnormalities due to
these observed prognostic implications.

In view ofseveral previous trials dem-
onstrating modest artedogl'aphic re-
gression ofsingle, localizecl coronary ar-
tery stenoses, the current stud)'reports
unique, long-term follow-up data on the
functionai and mechanistic con'elates of
these arteriographic changes seen after
a variety of lipidJowering interr,entions.
The greater changes in size and sever-
ity of perfusion abnormalities obtained
noninvasively in this study may be in-
terpreted as being functional conse-
quences of or correlates with the mod-

+13.5a3.8 - t .4 =J,l

*Final PET-baseline PET. lncludes patients with total coronary adery occlusions at entry. LV lndicates ett
ventricle, Nurnbers are meanaSD uniess otherwise indicated.

perimental .groups ranged from lSVc Lo

377o of the mean baseline value. For
PET the difference in changes between
controi and experimentai groups ranged
fi:om 22Vc Lo 96Vo of the mean baseline
value.

COMMENT

This study demonstrates that the size
and severity ofmyocardial perfusion ab-
normalities documented by PET at rest
and after dipyridamole stress decrease
or improve in patients undergoing in-
tense risk factor modification in com-
parison to an increase or worsening in
perfusion abnormalities in patients
treated with standard therapy.

Although it is used as a measure of
changing stenosis severity in lipid-1ow-
ering trials, percent diameter narrow-
ing or absolute lumen size documented
by coronary arteriography does not ac-
count for complex shape changes of ste-
noses.r Percent stenosis is also pooriy
related to flow capacity or coronary flow
reservezs-3? and fails to account for dif-
fuse disease present in most patienls
with localized coronary artery narrow-
ing.:r-:rr The degree of improvement in
percent stenosis in regression trials is
quite modest, ranging up to 57o diam-
eter stenosis units for all stenoses and
uo to LUVa of diameter stenosis for more
seuere stenoses.l 2a,s'51 These modest
anatomic changes reported in recent cho-
lesterol-lowering trials raise questions
about their functional significance. In
this study, the substantial improvement
in perfusion abnormalities measured by
PET images documents the functional
significance of relatively small changes
in the atherosclerotic coronary arterial
circulation associated with this modest
extent of arteriographic regression in
long-term cholesterol-lowering trials.

The improvement in size and severity
of myocardial perfusion abnormalities
at resting conditions and after dipyri-
damole stress in comparison to worsen-
ing in controls most likely involves two
mechanisms. The first is partial anatomic
regression of localized coronary artery
stenosis as demonstrated by quantita-
tive coronary arteriography, which im-
proves maximum Ilow capacity and de-
creases size and severity of perfusion
abnormalities aft,er dipyridamole stress.
A second mechanism for decreased size

and severity of perfusion abnormalities
by rlip;,ridamoje-PET ma1' be improved
enrlotheiiai-meciiatecl coi'onarJ,' arterry
anti arteriolar vasomotor function oc-
curring ll'ithin lveeks to months after
vigorous cholesterol lowering but be-
fore anatomic regression occurs.16

Both coronary atherosclerosis and
hypercholesleroiemia impair endotheli-
al-mediated vasoclilation of epicardial
coronary conduit arteries.52-ffi Dietary fat
restriction, lipid reduction by drugs, or
both restore this endothelial-mediated
epicardial artery vasodilation in experi-
mental animalsts'56'5e'62 before anatomic
regression of CAD is seen.6e Changes in
the coronary microcirculation may play
a role in the observed improvement in
perfusion defects. Atherosclerosis of
proximal, conduit, and epicardial coro-
nary arteries impairs endothelial-medi-
ated vasodilation ofthe distal microcir-
culation.s4'55'5e'62,e Therefore, the coronary
flow response induced by the direct ef-
fect of dipyr"idamole on arteriolar vaso-
dilation may be augmented by an im-
proved flow-mediated, endotheliai-de-
pendent, further arteriolar vasodilation
in response to the initial increased flow
induced by the effect of dipyridamole.

Since coronary artery stenoses affect
maximum flow capacity much more than
resting flow, the improvement in rest-
ing perfu sion abnormalities suggests dif-
fuse improvement in vasomotor func-
tion throughout the coronary arterial
and arteriolar circulation in the experi-
mental group compared with controls.

These results also provide a mecha-
nism explaining the substantial decrease
in angina pectoris reported to occur early
in lipid-lowering trials.r-23 Because myo-
cardiai perfusion reflects the integrated
effects of single or multiple stenoses,
diffuse atherosclerosis, and vasomotor
dysfunction on coronary Ilow, quantita-
tive PET perfusion imaging provides
information on severity of CAD beyond
a single dimension of a single locaiized
coronary artery narrowing as measured
on an arteriogram. Furthermore, be-
cause perfusion is related to lumen ra-
dius raised to the fourth power,25-2e small
changes in arteriographic lumen diam-
eter that are difficult to measure on the
arteriogram produce proportionately
greater changes in perfusion that are
apparent on PET scan.
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est anatomic changes in stenosis sever-
ity measured by invasive aiteriography.

The principal limitation of the cunent
study is the relatively small number of
subjects. However, differences in PET
images between control and experimen-
tal groups were statistically significant.
During the 5-year follow-up period of
this study, five (257o) of 20 control pa-
tients and eight (297o) of 28 patients in
the experimental group dropped out of
the study or were unavailable for follow-
up, or data were lost by computer mal-
function. The dropout rate avet:agedSVo
per year, comparable to that in other
trials, and was comparable in control
and experimental groups without iden-
tifiable bias in the resuits. While some
unrecognized bias from dropouts, small
sample size, or patient selection might
limit the generalizability of the effects
of the lifestyie intervention, it would
not be expected to affect resuits of size
and severity of perfusion abnormalities
by PET. Noninvasive functional mea-
sures of disease severity were compa-
rable to or, in some respects, better than
invasive coronary arteriography per-
formed in the same patients.

The total cost of diagnosis and foilow-
up by noninvasive PET at 92200 per
study for ali component costs is compa-
rabie to typicai total costs of $2500 for
single-photon emission computed tomog-
raphy (SPECT) stress perfusion imag-
ing and is less than $8000 to $10000 for
all costs of coronary arteriography.Tl This
study focused on changes in myocardial
perfusion using the most quantitative,
accurate imaging currently available,
which PET provides due to attenuation
conection and uniform, depth-indepen-
dent high resolution. Pharmacologic
stress is also readily standardized de-
spite changing maximai exercise work-

load due to changing anginal thresholds
that alter the vasodilatory stimulus at
follow-up studies compared with base-
line. Whether changes in myocardial per-
fusion can be reliably followed up by
SPECT, exercise stress, or both is un-
clear. Eight recent studies of a total of
4064 cases suggest that attenuation ar-
tifacts limit the accuracy of SPECT?2
and reduce its reported sensitivity and
specifi city to 867o and 54Vo, respectively,
compared w'ith 95Vo and, 957o for PET
based on 855 cases in nine renorts.Tl In
view of technical limitat ions, further ran-
domized studies would be necessary to
document the validity of SPE CT for this
application in comparison with coronary
arteriography.

In conclusion, the modest regression
of coronary artery stenosis in patients
with coronary atherosclerosis after in-
tense risk factor modification is associ-
ated u'ith significantiy decreased size
and severity of perfusion abnormalities
by rest-dipyridamole PET perfusion im-
aging as compared with worsening of
perfusion in control patients treated with
stanciard antianginal therapy at 5-year
foliow-up. Progression or regression of
CAD can be followed up noninvasively
by objective automated quantitation or
qualitative visual interpretation of per-
fusion abnormalities by rest-dipyrida-
mole PET perfusion imaging.
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