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Current noninvasive tests for coronary artery disease de-
tect atherosclerosis or regional ischemia. Global myocardial
flow reserve is not routinely identified, although it may be an
additional marker of disease development and progression.
Methods: For the clinical work-up of suspected or known
stable coronary artery disease, 275 individuals had under-
gone rest–dipyridamole 82Rb myocardial perfusion imaging
using PET. In addition to clinical measures of regional perfu-
sion and function, an experimentally validated approach to
quantify global myocardial flow reserve was used. Follow-up
was obtained for 362 6 277 d. Results: Myocardial blood
flow and flow reserve showed significant correlation to sys-
temic and cardiac hemodynamics and a weak association with
risk factors such as age and history of hyperlipidemia. Flow
reserve was expectedly lower in subjects with regional ische-
mia (1.70 6 0.65 vs. 2.31 6 0.97 in those without; P , 0.0001),
but a wide range was observed in those without regional per-
fusion abnormalities. We used a composite endpoint of hard
and soft events to determine that flow reserve below the
median was predictive of adverse outcome in the overall pop-
ulation (P 5 0.001) and in subjects with normal regional per-
fusion (n 5 178; P 5 0.036), whereas stress flow was
predictive only in the overall population (P 5 0.001). Age-
adjusted multivariate analysis confirmed regional perfusion
defects (relative hazard, 2.51; 95% confidence interval,
1.24–5.10; P 5 0.009) and low global flow reserve (relative
hazard, 2.93; 95% confidence interval, 1.30–6.65; P 5 0.011)
as independent predictors of cardiac events. Conclusion: In
clinical cardiac 82Rb PET, globally impaired flow reserve is a
relevant marker for predicting short-term cardiovascular
events. It may be used for integration with currently estab-
lished functional and morphologic test results and for guid-
ance of preventive measures, especially in the absence of
regional flow–limiting disease.

Key Words: PET; myocardial flow reserve; microvascular
dysfunction; coronary artery disease; myocardial perfusion

J Nucl Med 2011; 52:726–732
DOI: 10.2967/jnumed.110.081828

In current clinical practice, radionuclide myocardial per-
fusion imaging is used to detect regional myocardial ische-
mia and infarction as the clinically overt stages of coronary
artery disease (CAD). The obtained diagnostic and prog-
nostic information is used as a gatekeeper to invasive an-
giography and therapy (1,2). But because of continuous
improvements in the pathophysiologic understanding of
CAD and in its prevention, there is an increasing emphasis
on characterizing disease more accurately. The global flow
reserve of the coronary circulation as a whole is thought to
be an important component of CAD. It may be impaired not
only due to macroscopic flow-limiting disease but also due
to coronary microvascular dysfunction (3–5). Yet, currently
used clinical imaging protocols do not provide comprehen-
sive measures of global myocardial flow reserve (MFR).

PET is a high-end technique that is increasingly translated
from research into broader clinical application (6,7). PET has
the potential for absolute quantification of myocardial blood

flow (MBF) and MFR as markers of coronary vascular func-
tion, as documented in numerous research studies (3,5). But
this potential has not yet been exploited for clinical imaging,
for which PET images are still mostly analyzed in a qualita-
tive or semiquantitative manner, analogous to the approach
established for the widely used SPECT technique (8–10).

In the present study, we sought to explore the full
potential of PET in patients referred for clinical myocardial
perfusion imaging. We speculated that generating measures
of global MFR in combination with the clinical standard
analysis of relative regional perfusion and ventricular
function would allow for comprehensive characterization of
the individual pattern of CAD and provide prognostically
relevant information.
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MATERIALS AND METHODS

Patients
Consecutive patients (n 5 275), referred to our PET/CT center

for clinical rest–stress myocardial perfusion imaging between Jan-
uary 2007 and March 2009, were included. Exclusion criteria were
acute myocardial infarction, unstable angina, clinically overt heart
failure, contraindications to dipyridamole stress at the time of
imaging, or unavailability of dynamic PET datasets. Clinical char-
acteristics and medication at the time of PET are summarized in
Table 1. The study group presented a heterogeneous mix of subjects.
Ninety-one subjects had known CAD, for whom the rest–stress
myocardial perfusion test was requested to accurately identify
disease severity. One hundred sixty-eight subjects represented an
overall lower risk group, for which the test was requested to rule
out CAD before discharge, after presentation with intermittent
chest pain. A small group of 16 patients was referred for noncar-
diac operation, and of those, only 5 patients had a cancer-related
operation. Clinical lab results such as lipid parameters or blood
glucose were not consistently available, but a detailed history to
define risk factor profile was obtained. Caffeine levels were not
measured routinely, but patients were instructed to strictly refrain
from any caffeinated substances for 24 h before testing. Because
of its retrospective nature, this project was granted exempt status
by the Johns Hopkins Institutional Review Board.

PET Acquisition Protocol
All imaging was performed on a 64-slice Discovery Rx VCT

PET/CT scanner (GE Healthcare). Patients fasted for more than

4 h. After informed consent, individuals were positioned, and a
low-dose (120 kV, 50–100 mA) CT scan for attenuation correction
of PET data was acquired during shallow breathing. 82Rb-chloride
(1,480–1,850 MBq [40–50 mCi]), using a large antecubital intra-
venous line, was infused, and list-mode 2-dimensional PET
images were acquired for 8 min. Then, infusion of dipyridamole
was started (0.56 mg/kg, 4 min), and a second dose of 82Rb-
chloride (1,480–1,850 MBq [40–50 mCi]) was infused 4 min after
completion, followed by 8-min list-mode acquisition. Quality con-
trol of PET and CT for attenuation correction was performed, and
datasets were realigned if necessary (11). List-mode data were
resampled to attenuation-corrected static (90-s prescan delay),
electrocardiographically gated (8 bins), and dynamic images (32
frames: 20 · 6s, 5 · 12s, 4 · 30s, and 3 · 60s).

PET Image Analysis
Qualitative Perfusion. Static images were reangulated to create

short-axis and long-axis slices for visual analysis of regional
perfusion. Each of 17 myocardial segments (12) was scored on a
scale of 0–4 (normal, mildly, moderately, or severely decreased or
absent perfusion) by an experienced reader who was unaware of
other data. Summed rest scores, summed stress scores (SSSs), and
summed difference scores (SDSs; SSS2 summed rest score) were
calculated (13).

Left Ventricular Function. Endocardial contours were identified
on gated PET to determine left ventricular volumes and left
ventricular ejection fraction, using previously validated commer-
cially available software (CardIQ physio; GE Healthcare) (14).

TABLE 1
Clinical Characteristics of Study Group

Variable Entire study group (n 5 275)
Subjects included in outcome

analysis (n 5 224)

Age (y) 57 6 12 58 6 13

Sex
Men 112 (40) 86 (38)

Women 163 (60) 138 (62)
Race

White 82 (30) 61 (27)

Black 181 (66) 159 (71)

Other 12 (4) 4 (2)

Body mass index (kg/m2) 32 6 9 32 6 9
Known CAD 91 (33) 87 (39)

History of prior myocardial infarction 30 (11) 26 (12)

Pretest CAD likelihood*
Low 101 (37) 82 (37)
Intermediate 62 (22) 43 (19)

High 21 (8) 12 (5)

History of smoking 94 (34) 83 (37)

History of hypertension 175 (60) 140 (63)
History of hyperlipidemia 122 (44) 101 (45)

History of diabetes mellitus 90 (33) 78 (34)

Medication at PET
b-Blocker 50 (18) 32 (14)

Angiotensin-converting enzyme
inhibitor or angiotensin receptor blocker

58 (21) 46 (21)

Statin 60 (22) 44 (20)

*Determined according to guidelines of American Heart Association.

Data are mean 6 SD. Data in parentheses are percentages.
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Quantification of MBF and MFR.Myocardial activity in the last
frame of the dynamic datasets was volumetrically sampled, and
polar maps of the left ventricle were generated (15). Segments were
applied to the whole series to obtain myocardial time–activity
curves. A small region of interest was positioned in the left ven-
tricular cavity to obtain the arterial input function. MBF was then
quantified by a retention approach. Myocardial activity concen-
tration between minutes 4 and 8 was normalized to the area under
the arterial input function in the first 120 s. The resulting index
was corrected for partial volume, spillover, and nonlinear extrac-
tion of 82Rb (16). The validity and reproducibility of this approach
were recently established for our PET system (17). Because of the
relationship of MBF at rest with the product of heart rate and
systolic blood pressure as an index of cardiac work (18), normal-
ization was performed by dividing rest MBF by the rate–pressure
product and multiplying the result by 10,000. Because flow and
work are uncoupled during pharmacologic vasodilation, no cor-
rection was performed for stress flow. MFR was determined as the
ratio of stress MBF to corrected rest MBF.

Assessment of Outcome
Patients were followed for occurrence of adverse events by

review of electronic medical records at Johns Hopkins Medical
Institutions and Social Security Death Index. A composite end-
point was used, which incorporated hard events (cardiac death,
myocardial infarction) and soft events (invasive angiography with
or without revascularization, rehospitalization for heart failure).
Events and cause of death were adjudicated by a consensus of 2
investigators. Subjects with early, test-driven catheterization or
revascularization within 90 d of PET were excluded.

Statistical Analysis
Data are expressed as mean 6 SD. The Student t test and

ANOVA (with post hoc Bonferroni-corrected t test) were used
for comparison of normally distributed continuous variables be-
tween groups, when appropriate. The Pearson correlation coeffi-
cient, with Fisher r-to-z transformation for significance, was used
to describe relationships between continuous variables.

Patients were grouped according to various PET results, and
survival curves were constructed according to Kaplan–Meier. A
log-rank analysis was performed to test for significant differences.
Then, relative hazards and 95% confidence intervals were calcu-
lated with multivariate Cox proportional hazards regression mod-
els. In these models, the relationship of PET-derived variables to

outcome was assessed in an age-adjusted manner. Multivariate
analyses were performed with stepwise forward regression, with
an entry probability for each variable set at 0.05. Reported
P values were 2-sided; a P value of less than 0.05 was considered
to indicate statistical significance.

RESULTS

Qualitative Regional Perfusion and Left
Ventricular Function

Abnormal stress perfusion (SSS . 4) was observed in 97
of 275 patients (35%). Regional ischemia (SDS . 2) was
found in 45 of 275 patients (16%). Reduced left ventricular
ejection fraction (,45%) was observed at rest in 60 (22%)
and at stress in 55 (20%) of 275 patients.

Global MBF and MFR

Rest MBF was 0.93 6 0.36 mL/min/g and correlated sig-
nificantly with the rate–pressure product as a measure of
cardiac work (r 5 0.47; P , 0.0001). After correction for
baseline work, rest MBF was 0.94 6 0.43 mL/min/g. Stress
MBF was 1.97 6 0.82 mL/min/g, and MFR was 2.21 6
0.95. MFR correlated with stress MBF (r 5 0.46; P ,
0.0001) and was inversely correlated with rest MBF before
(r 5 20.36; P , 0.0001) and after correction (r 5 20.25;
P, 0.0001) (Fig. 1). Thus, because stress and rest MBF both
determined MFR, MFR was used as an integrative marker
of global microvascular dysfunction in further analyses.

MFR showed a weak but significant correlation with
stress left ventricular ejection fraction (r 5 0.13; P 5
0.036) and was expectedly lower in subjects with abnormal
SSS (1.70 6 0.65 vs. 2.31 6 0.97 for normal SSS; P ,
0.0001) and abnormal SDS (1.73 6 0.64 vs. 2.31 6 0.98
for normal SDS; P , 0.0001).

MFR was also associated with clinical variables, includ-
ing an inverse correlation with age (20.20; P 5 0.0004),
lower values in patients with a history of hyperlipidemia
(2.11 6 1.05 vs. 2.276 0.85 for those without; P5 0.014),
and lower values in those with a prior history of CAD (2.016
0.98 vs. 2.33 6 0.91 for those without; P 5 0.0054). Of the
30 patients with a prior history of myocardial infarction,

FIGURE 1. Global MFR is determined by dividing absolute MBF during stress by MBF at rest. Shown are regression plots for MFR and rest
MBF (A), MFR and rest MBF after correction for baseline cardiac work by normalization for rate–pressure product (B), and MFR and MBF

during pharmacologic vasodilation using dipyridamole stress (C).
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22 had abnormal perfusion PET scan results. MFR in this
subgroup was 1.50 6 0.51, which was significantly lower
than for subjects without myocardial infarction (2.24 6
0.89; P 5 0.001).

Clinical Outcome

Twenty-three patients were excluded because of early
catheterization or revascularization after PET. Twenty-eight
were lost to follow-up. These patients did not show any
difference in their PET results when compared with sub-
jects who were included in outcomes analysis (SSS, 1 6 3
vs. 3 6 7 in included subjects, P 5 0.12; MFR, 2.4 6 0.9
vs. 2.2 6 0.9, P 5 0.26; and left ventricular ejection frac-
tion, 60 6 12 vs. 56 6 14, P 5 0.09).
In the remaining 224 patients, mean follow-up time was

362 6 277 d (median, 426 d; range, 4–924 d). During
follow-up, 33 patients (15%) had a cardiac event (cardiac
death, n 5 9; myocardial infarction, n 5 7; late revascula-
rization, n 5 2; late cardiac catheterization without inter-
vention, n 5 9; and readmission for heart failure, n 5 6).
Time to event was 196 6 162 d (median, 182 d; range, 9–
950 d). Three patients died because of noncardiac disease
(2 deaths related to cancer and 1 due to terminal lung dis-
ease). Data for these patients were censored at the time of
death. Among the 9 patients who died of cardiac disease, 8
had known CAD at the time of PET.
Kaplan–Meier analysis confirmed a significantly better

outcome for patients with normal than for those with abnor-
mal regional perfusion (P , 0.0001; Fig. 2A). A signifi-
cantly better event-free survival was also observed for
stress MBF and MFR above the median than for stress
MBF and MFR below (P 5 0.001 for stress MBF and
MFR; Figs. 2B and 2C). Age-adjusted multivariate Cox
proportional hazards analysis showed that SSS and MFR
were independent predictors of an unfavorable event (Table
2). When analysis was restricted to 178 patients without
regional perfusion abnormalities, higher MFR was still
associated with better outcome (P 5 0.026; Fig. 3B),
whereas stress MBF was no longer predictive of adverse
outcome (P 5 0.21; Fig. 3A).
From the 8 patients with previous CAD who experienced

cardiac death, only 2 patients had a history of myocardial
infarction, and 4 had reduced ejection fraction. When
Kaplan–Meyer and Cox proportional hazards analyses were
repeated in all patients except those with myocardial infarc-
tion, results remained unchanged (P 5 0.001 for subjects
with higher vs. lower flow reserve at Kaplan–Meier; P 5
0.005 for lower flow reserve and P5 0.006 for SSS as the 2
independent predictors of cardiac events in Cox propor-
tional hazards analysis).

DISCUSSION

Our results confirm the usefulness of MFR quantification
for the noninvasive work-up of CAD. Reduced global flow
reserve was indicative of short-term adverse events in the
entire population undergoing clinical myocardial perfusion

PET, but also in a subgroup that showed no evidence of
significant disease by other results of the comprehensive test.

In the absence of flow-limiting epicardial coronary artery
stenoses and myocardial disease, impaired flow reserve is
thought to reflect microvascular dysfunction as a conse-
quence of atherosclerotic risk factors and thus an early stage
of disease. This finding is supported by several reports of
PET-defined microvascular disease in well-selected subjects
with a single risk factor such as smoking, hyperlipidemia,
and insulin resistance (18–22). Other studies showed that
impaired flow dynamics in such subjects can be improved
by various interventions (19,23–25), suggesting that it is a
reversible condition. Most of our patients (i.e., those who did
not show evidence of regional ischemia on qualitative PET
images) seem to fall into this category, and our study shows
that reduced flow reserve is predictive of an unfavorable
outcome. In contrast to these studies, however, strong corre-
lations of flow reserve with one or more risk factors were not
observed in our study. This difference may be explained by
the heterogeneous mix of individuals with varying risk pro-
files, different degrees of preexisting atherosclerosis, and
different concomitant medications, which is commonly en-
countered in the clinical setting of CAD work-up. The lower
extraction of 82Rb at higher flow, when compared with alter-
native PET tracers, may be another factor that attenuates
such correlations. And finally, microvascular angina (syn-
drome X) may have been another contributor to low flow
reserve in this group. No component of the PET test other
than global flow quantification would have been able to
identify risk in subjects without regional perfusion abnormal-
ities, suggesting an added clinical value. It is tempting to
speculate that the addition of flow quantification to standard
noninvasive testing may refine the detection of early disease
stages and help to improve preventive measures to reverse
risk. Our study provides a foundation for future prospective
trials to test this hypothesis.

Although impaired flow reserve is a marker of micro-
vascular dysfunction in the absence of flow-limiting epi-
cardial disease, the situation is different and more complex
in the presence of obstructive, flow-limiting CAD. In this
setting, global flow reserve reflects a composite marker of
the degree of flow limitation by macroscopic stenosis and
the degree of microvascular dysfunction. These can be
distinguished only if information about coronary anatomy
is available. Unfortunately, because of the retrospective
nature of our study, because invasive angiography is not
indicated in cases with normal relative regional perfusion,
and because combined assessment by CT angiography and
perfusion imaging is not yet a clinical standard, morpho-
logic studies were not consistently available in our study
population. Other studies have shown that flow reserve
declines with increasing degree of stenosis (26), but micro-
vascular dysfunction may determine the threshold of ische-
mia in the territory of the stenotic artery (27). Furthermore,
it has been shown in single-vessel disease that flow reserve
can be abnormal in remote regions subtended by normal
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macroscopic arteries (28). In the extreme setting of bal-
anced, flow-limiting triple-vessel disease, global flow
reserve may be severely reduced in the absence of regional
flow heterogeneity (29). This would not allow for conclu-
sions about the microcirculation but would still identify a
state of high risk. Given their clinical profile, which mostly
indicated low risk, this situation is unlikely among our
subjects with normal regional perfusion. But in the absence
of angiographic results, balanced ischemia cannot be ruled
out completely as a contributor to the association between
low flow reserve and adverse outcome in subjects with ab-
sence of regional perfusion heterogeneity. Our results never-
theless suggest a prognostic value of global flow reserve in
subjects referred for work-up of CAD, for which it may be
another marker of risk in addition to the well-known prog-
nostic value of regional perfusion defect size, which has
been well established not only for SPECT (30) but also
for 82Rb PET (9,31,32).
Several prior studies have reported a prognostic value of

PET-derived flow reserve in cardiomyopathies (33,34) and
in subjects with and without known CAD (35–37). How-
ever, these studies had in common only that the cyclotron-
produced tracers 13N-ammonia or 15O-water was used.
Although those tracers are considered a gold standard, they
will remain limited to few academic institutions, and they

may not reach clinical acceptance because they cannot be
broadly distributed. Our study is innovative in that it reports
about the prognostic value of flow reserve in the general
clinical setting of perfusion PET with 82Rb, which is a
widely commercially available generator product and
increasingly used for noninvasive CAD assessment (7).
Current systems routinely feature list-mode PET acquisi-
tion, which synchronously enables the sampling of dynamic
datasets that are necessary for flow quantification, along
with static data for standard regional perfusion analysis
and electrocardiographically gated datasets for standard
functional analysis (6). 82Rb has potential disadvantages
for absolute flow quantification because of physical prop-
erties and nonlinear extraction fraction in the high-flow
range. But several algorithms for quantification have been
validated and seem to work in the setting of CAD work-up,
in which high flow is uncommon (16,17,38,39). Although
software for flow quantification is not yet commercially
available, our results support a move forward with the com-
mercialization of such products so that the assessment of
microvascular function can be more broadly implemented
into clinical noninvasive imaging practice.

Another interesting aspect of our study is that global stress
flow alone was predictive of outcome in our entire study
group at univariate analysis. However, flow reserve, which

FIGURE 2. Prognostic value of myocardial perfusion, myocardial stress flow, and MFR for entire population. Survival curves according to

Kaplan–Meier for abnormal vs. normal relative regional perfusion in all subjects (n 5 225) (A), lower vs. upper half of quantitative stress

myocardial flow (stress MBF) (B), and MFR as measure of microvascular function in all subjects (C).

TABLE 2
Results of Multivariate Cox Regression Analyses Assessing Relationship Between PET Variables

and Outcome, Adjusted for Age

Variable Relative hazard 95% confidence interval P

MFR , 2.11 2.93 1.30%–6.65% 0.009
Abnormal SSS . 4 2.51 1.24%–5.10% 0.011

Stress myocardial flow , 1.90 mL/min/g —* 0.09

Stress left ventricular ejection fraction , 45% —* 0.10

*Variables that were removed from final model.

All models were adjusted for age as stratification factor. Patients were divided into 3 equal groups based on age. Cutoffs for groups

were 24–51, 52–62, and 63–88. P value denotes level of significance that led to exclusion of variables.
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integrates rest and stress flow, was superior at multivariate
analysis and retained its prognostic value in the subgroup
without regional perfusion defects, whereas stress flow alone
was no longer predictive on univariate analysis (and there-
fore not used for a multivariate analysis). These data suggest
that both rest and stress measurements are necessary,
especially in the absence of obstructive epicardial disease,
to obtain the most accurate prognostic information.
It should be recognized that our study has several

limitations. First, because of the small sample size and
short observation period, events are limited and the statistical
power for identification of a truly incremental prognostic
value is limited. For the same reason, and to avoid overfitting
(40), we did not perform more complex multivariate out-
come analyses, adjustments for multiple risk factors other
than age, and analyses of interaction terms among imaging
variables and risk factors.
Second, the retrospective nature and the use of a

composite endpoint are further limitations. Because of the
low frequency of death and myocardial infarction in our
relatively healthy population, we included other events such
as revascularization and hospital readmission to increase
power. Flow reserve measurements were conducted offline
and were not available to clinical physicians. Clinical
decision making was thus not influenced by flow quantifi-
cation. The assumption of risk homogeneity among the
included endpoints in our study, however, may not hold
true, because soft events such as angiography or readmis-
sion were used alongside hard events such as death or
myocardial infarction (40). Nevertheless, all included end-
points represent significant events that resulted either in
increased costs of care or reduced quality of life.
Third, our study is a single-center report, obtained from

results of an unselected consecutive group of patients, as
reflects local clinical practice at our institution. Clinical
characteristics suggest a relatively low risk. The percentage
of studies with abnormal regional perfusion is, at 35%, not
high but within the range of what has been described by
others (31). Only a fraction of subjects underwent early
angiography after a positive PET study. Multiple factors
may have played a role, such as socioeconomic issues in
the local patient population (lack of insurance coverage,
lack of consent to recommended procedure, expected lack
of compliance with antiplatelet therapy after intervention)

and an increasing awareness of referring physicians that
conservative therapy may be beneficial even in mildly to
moderately abnormal perfusion studies. This low rate of
early angiography may even be beneficial in that it reduces
bias—because of the low rate of early intervention, fewer
subjects with positive scan results had to be removed from
follow-up.

Fourth, because we intentionally aimed at analyzing the
value of quantitative flow reserve in an unselected group of
patients referred for myocardial perfusion PET, patients
with a history of myocardial infarction were not excluded.
Prior myocardial infarction is expected to contribute to re-
duced flow reserve. Results of our study confirm an inde-
pendent prognostic value in all subjects and after exclusion
of subjects with prior infarctions, suggesting that flow re-
serve is an integrated risk marker independent of prior cardiac
events.

And finally, the retrospective nature, along with the
profile of our patients, resulted in a relatively large fraction
of subjects who were lost to follow-up. Although an effect
on the results of the study cannot be completely excluded,
the drop-out group did not differ from other subjects with
regard to their scan results.

It is important to emphasize that this initial, preliminary
report should be seen as a stimulus to include flow quan-
tification in future large-scale prospective outcome trials.
Such trials may then provide the evidence needed for a
broad implementation of quantitative flow measurements in
clinical perfusion imaging practice.

CONCLUSION

Findings of our limited-size, retrospective analysis sup-
port the notion that implementation of absolute quantifica-
tion of MFR may augment clinical myocardial perfusion
imaging, by improving the identification of individuals at
higher risk of adverse events within the first 1–2 y after the
test. PET with the broadly available perfusion tracer 82Rb
may be used for this purpose and may be implemented into
efforts at early detection and reversal of CAD in the future.
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