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Currently most stable patients referred for invasive angiography do not have obstructive disease, implying an

enormous opportunity to avoid unnecessary, invasive, and expensive procedures. Cardiac positron emission
tomography (PET) offers a robust and non-invasive tool for quantifying absolute blood flow as a “gatekeeper” to
cardiac catheterization. It images the entire left ventricle down to branch vessels, permitting a “physiologic
angiogram” while normalizing flow values for the amount of supplied myocardium. Flow imaging has been
demonstrated to be accurate compared to invasive measurements, precise to 20% on test/retest assessment, and
routinely achievable in >99% of daily clinical cases. Coronary flow capacity (CFC) integrates both resting and
hyperemic flow together along the continuum from infarction to ischemia to normal levels. CFC predicts
prognosis and identifies which patients benefit from revascularization. Emerging work allows cardiac PET to
make an assessment of subendocardial hypoperfusion, relevant since this layer of the myocardium suffers “first

and worst” from epicardial disease. A case example highlights many of the aspects of cardiac PET described in

this review article.
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Imost 70 years have passed since the first in vivo
A measurements of myocardial blood flow in humans (1).
Since its development beginning with an animal model in
1979 (2) and humans in 1982 (3), cardiac positron emission
tomography (PET) has established itself as the reference
standard for quantitative perfusion imaging. Published results
from approximately 15,000 subjects in 250 manuscripts (4)
support its numerous, daily use around the world for patient
care. At our own center in Houston, Texas, we began routine
flow assessment in April 2007 for every rest/stress perfusion
case, now exceeding 6,200 patients and research subjects.

The lessons learned from our past decade of flow
quantification provide key insights into addressing an urgent
clinical need: appropriately selecting patients for invasive
angiography and revascularization. In the United States,
almost two-thirds of stable patients referred for invasive
angiography did not have obstructive disease (5), implying an
enormous opportunity to avoid unnecessary, invasive, and

expensive procedures. While stable patients with symptoms

referred directly for invasive angiography had a higher
prevalence of obstructive lesions at catheterization than those
first referred for non-invasive testing (27% versus 6%) in the
PLATFORM trial (6), revascularizable disease remained a
distinct minority in both populations. Hence while “clinical
judgment” increases the pre-test probability of finding
important coronary disease, non-invasive imaging could
significantly refine referrals to the catheterization laboratory.
Notably, a recent analysis of national statistics in America
showed that the volume of non-acute PCI consistently fell
every year from 2010 to 2014, down by 34% over that period
(7) and probably multifactorial in nature.

Current reimbursement for percutaneous coronary interven-
tion (PCI) in the United States demands that 3 requirements be
met (8). First, the lesion has to be feasible for percutaneous
treatment, which is almost never a limitation in the modern
era. Second, clinical symptoms of angina must remain despite
optimal medical therapy. Third, objective evidence of
myocardial ischemia needs to be provided, although a specific
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Table 1 Absolute myocardial flow thresholds

Rest flow Stress flow | CFR Other features Interpretation
(cc/min/gm) | (cc/min/gm)
<0.2 Q-waves Transmural scar or hibernation

Wall motion abnormality

<0.83 <1.27 | ST-segment depression Frank ischemia
Vasodilator-induced angina
Stress-induced uptake defect

<1.09 <1.60 | Some of above features Moderate ischemia or borderzone

<2.17 <2.90 Typical flows with risk factors or mild CAD

>2.17 >2.90 Normal flows (healthy volunteers)

test is not specified. National data from a large, contemporary,
cardiac imaging registry of over 1,700 patients shows that the
most common preceding modality was single photon emission
computed tomography (9).

This review addresses the ability of cardiac PET to quantify
absolute blood flow in order to separate the minority of
patients who need an invasive procedure from the majority

who require only medical therapy.

Clinical requirements

In order to satisfy clinical needs, any non-invasive tool to
quantify myocardial blood flow should meet several require-
ments. First, it must image the entire left ventricle in order to
define the physiology down to branch vessels. Over 15 years
ago we developed an anatomic atlas for cardiac PET based on
angiographic correlations from almost 900 subjects (10),
permitting a “physiologic angiogram” before entering the
catheterization laboratory. Second, and relatedly, flow must be
provided for small regions of the left ventricle, not only
average global flow alone. While global stress flow and
absolute flow reserve have proven to be strong predictors of
prognosis on a population basis, these blunt averages can mask
important regional disease that explains clinical symptoms,
changes medical management, or would be appropriate for
revascularization in individual patients. Third, flow quantifica-
tion must account for the amount of distal myocardium by
normalizing absolute flow (cc/min) to supplied tissue mass
(g). As noted over 20 years ago, “absolute flow, expressed in
ml/min is meaningless because the myocardial distribution to
be perfused is unknown and varies widely between different
arteries and different subjects” (11).

Fourth, the model for converting perfusion into flow must
be accurate, precise, and robust. Our retention model,
validated invasively against electromagnetic flow meters in an
animal model (12), requires only an early arterial input image
(for example, the first 2 minutes beginning immediately upon
injection of “rubidium) and a late myocardial image (next 5
minutes after the arterial phase). Repeated cardiac PET
imaging on the same day shows that flow varies by 10% in

stable subjects mainly due to the technique itself, rising to
20% a few days apart due to combined biologic plus
methodologic variability (13). Others have reported that our
“retention approach yielded a better agreement with micros-
phere flow” and that the “retention approach is more robust”
(14), probably because it avoids fitting noisy time-activity
curves. During 11 years of routine clinical use at our center,
<1% of rest/stress perfusion cases did not produce valid flow
results, typically due to scanner failure or unanticipated
anomalous venous anatomy.

Routine flow quantification demands additional processing
time compared to relative uptake imaging. In our own center,
we developed software that reduces this time to a minimum —
generally a few minutes and similar to quantifying ejection
fraction. Once arterial input selection has been automated, the
required time will fall further.

Some centers have started to explore dynamic single photon
emission computed tomography (SPECT) for absolute flow
quantification (15, 16). However, this data currently exists
only for small series (<50 subjects) at the global left
ventricular or major epicardial territory level, unlike the vast
series (15,000 subjects) for cardiac PET (4) able to resolve
flow down to branch vessels (10). Additionally, paired
comparisons of dynamic SPECT to cardiac PET show wide
95% imprecision for global absolute flow of -1.1 to +1.7
cc/min/gm (15) or -0.6 to +0.6 cc/min/gm (16) and for global
flow reserve of -0.9 to +1.3 (15) or -0.6 to +0.5 (16).

Interpreting absolute myocardial flow

Regardless of the technique used to measure normalized
absolute flow, we must interpret its value for clinical
application as summarized in the Table 1. Two extremes exist
along the flow spectrum. At the lowest end, absolute flow and
flow reserve fall to levels that cause frank ischemia during
hyperemia. At the highest end we observe flow values typical
in normal people (not patients). Prior work by our group
enrolled over 120 volunteers screened rigorously for occult or
undisclosed risk factors (coronary calcium, serum lipids,

abnormal electrocardiogram, vital signs, and clinical and
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Figure 1 Baseline angiogram.

Johnson —97 —

Cardiac PET Guides PCI

A 57-year-old man presented with an inferolateral ST-segment elevation myocardial infarction (STEMI)
due to an acute occlusion of his left circumflex, rapidly treated by stent placement. His prior stent in the left
anterior descending (LAD) artery was found to be a chronic total occlusion (CTO) supplied by both bridging

and retrograde collaterals.

family history) before performing two cardiac PET scans
about 1 week apart (17). Normal resting flow in this cohort
was 0.7 cc/min/g and hyperemic flow reached 2.9 cc/min/g for
an absolute coronary flow reserve (CFR) of 4.2 —thereby
establishing the upper end of the flow continuum.

Some patients exhibit signs and symptoms of clear-cut
ischemia during vasodilator imaging, including clinical angina
(distinct from the vague chest symptoms often encountered
during adenosine or dipyridamole infusion), significant ST-
segment changes, and a focal perfusion defect. In our series of
almost 4,200 cardiac PET cases, when many or all of these
features were present, absolute flow was generally 1 cc/min/g
or less and CFR 1.5 or less (18, 19). These low flow bounds
demonstrated high diagnostic performance for identifying
clinical ischemia. At even lower levels of flow, generally 0.2
cc/min/g (more than 3 standard deviations below normal flow
in volunteers), the myocardium either infarcts or hibernates.

Between these two extremes of infarct/ischemia and normal
flow exists a wide continuum. Clinical risk falls in continuous
fashion when moving from the lowest to highest quartiles of
stress flow and absolute CFR, with no gradient observed for
resting flow (20). Since stress flow and absolute CFR predict

prognosis and associate with ischemia, focusing on either
alone neglects important and complementary information.
Therefore, we developed the integrative concept of coronary
flow capacity (CFC) to synthesize both parameters and locate
them along the flow spectrum as detailed earlier (21).
Emerging work using both invasive (22) and non-invasive (23)
methods to assess CFC has demonstrated its diagnostic and

prognostic ability.

Subendocardial versus transmural perfusion

Fundamental animal work from 40 years ago demonstrated
that progressive epicardial stenosis reduces downstream
myocardial perfusion (24). However, the reduction in flow
does not affect all layers of the myocardium equally. As can be
seen from the tomographs in that manuscript (especially its
Figure 4), the subendocardium experiences a more dramatic
and earlier decrease in perfusion compared to the subepicar-
dium. This imbalance arises due to higher compressive forces
against the subendocardium from the left ventricular cavity
during systole versus the lower pressure against the
subepicardium from the pericardial and thoracic spaces (25).

As a physiologic consequence, the subepicardium reper-
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Coronary Flow Capacity Map
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Septal Anterior Lateral Inferior

60% Normal, from healthy young volunteers
7% Minimally reduced, risk factors only

0% Mild subendocardial gradient

14% Subendocardial border zone

6% Moderately reduced, likely angina or STA

13% Severely reduced, definite ischemia (single contiguous region)
(11% Myocardial steal)

Figure 2 Coronary flow capacity (CFC).

Cardiac positron emission tomography (PET) imaging at rest (top row) and stress (bottom row) revealed a
large, almost completely reversible defect in the mid-to-apical anteroseptum corresponding to the known chronic
total occlusion of the left anterior descending artery. Quantitative absolute blood flow indicated that 11% of the
left ventricle experienced myocardial steal (a decrease in flow during vasodilator stress) with a further 22%
ischemic. The borderzone region displayed subendocardial ischemia, as detailed by the inset images.

Coronary Flow Capacity Map
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Figure 3  After revascularization.

Successful revascularization of the chronic total occlusion resulted in a
vastly improved coronary flow capacity. However, the perfusion map
indicates that a second diagonal branch must be flush occluded and not
appreciated angiographically. Due to its modest size and severity, further
invasive procedures were not pursued.

© 95-100



Ann Nucl Cardiol 2019 ; 5 (1) : 95-100

fuses approximately 20 seconds before the subendocardium
following a transient occlusion of an epicardial coronary artery
(26). Additionally, microsphere work in animals has shown
that “the decrease in subendocardial and increase in
subepicardial flow were often associated with normal or even
elevated total coronary blood flows so that under the
circumstances of these changes, methods that measure only
total left ventricular flow --- give limited information” (27).
Cardiac PET can image subendocardial perfusion (28), although
it does not have the axial resolution of magnetic resonance
imaging. Emerging work from our group has focused on the
relationship between relative stress flow and reduced
subendocardial perfusion.
Clinical example

A 57 year-old man with a prior stent several years earlier
presented with an ST-segment elevation myocardial infarc-
tion. During treatment of the left circumflex culprit, a chronic
total occlusion (CTO) of the previously placed left anterior
descending stent was noted (Figure 1). Although he returned
to running 10 kilometers per day without angina, and his
ejection fraction was intact, cardiac PET revealed viable yet
ischemic myocardium distal to the CTO with myocardial steal
in 11% plus an additional 22% with reduced CFC including a
subendocardial borderzone (Figure. 2). After technically
successful revascularization of the CTO, the CFC improved
dramatically, indicating concurrent physiologic success
(Figure 3). This case demonstrates the ability of cardiac PET
to resolve a clinical dilemma by providing sophisticated
physiologic imaging in a display format ideal for making a

revascularization decision and monitoring its effect.
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