EDITORIAL POINT OF VIEW

Quantification of myocardial blood flow
will reform the detection of CAD

Juhani Knuuti, MD, Sami Kajander, MD, Maija Maki, MD,

and Heikki Ukkonen, MD

INTRODUCTION

The detection of functional consequences of epi-
cardial coronary artery disease (CAD) has established
role in guiding the therapy of the disease.' In addition,
the assessment of impairment in microcirculatory reac-
tivity has recently gained more interest. Estimates of
myocardial perfusion contain independent prognostic
information about future major cardiac events and per-
fusion assessment is also useful in the monitoring of the
effectiveness of risk reduction strategies.’

The standard assessment of myocardial perfusion is
based on its relative distribution. This approach has
obvious limitations since the interpretation is based on the
assumption that the best perfused region is normal and can
be used as a reference. Using quantification this limitation
can be avoided and using absolute parameters instead of
relative ones is expected to provide benefits in several
clinical scenarios. Despite the recognized potential, the
clinical use of absolute quantification has remained scarce.

Recently, several imaging techniques have been
studied aiming for the quantitative measurement of per-
fusion. In addition nuclear imaging, magnetic resonance
imaging, and echocardiography have been investigated
and shown promising preliminary quantitative results.>
Currently, the most robust technique to quantify perfu-
sion noninvasively in human heart is positron emission
tomography (PET). However, although the use of PET in
cardiac imaging is rapidly increasing, the image inter-
pretation has still been chiefly based on relative
distribution of perfusion.*

This review is aiming for brief summary of the current
knowledge of quantification of myocardial perfusion for the
detection of clinical CAD. The aim is to demonstrate the
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potential of quantification using several real clinical
examples where the additional information gained from
quantification has significant impact on the clinical findings.

THE TECHNIQUES OF MYOCARDIAL PERFUSION
QUANTIFICATION

There are two major determinants that define the
potential of imaging technique for quantification of myo-
cardial perfusion. The imaging device and its performance
will define how accurate and robust is the measurement of
the signal that need to be quantified. The other main factor
is the nature of the tracer or the contrast agent. The detailed
analysis of different imaging technologies and their per-
formance is beyond the scope of this review.

PET is by nature a quantitative technique and cur-
rently the most robust technique to measure perfusion
noninvasively in human heart. PET allows very fast and
effective imaging protocols with low radiation burden.”®

Several tracers have been used for the measure-
ment of myocardial perfusion with PET, in particular,
15O-water,9] 13N-ammonia,10 the potassium analog
82Rb.!" Recently also new '®Fluoride-labeled'*'* as
well as ®®Ga-labeled compounds have been tested.'*

Currently, '°O-water and 'N-ammonia are the
tracers most widely used for the quantification of myo-
cardial perfusion with PET. Tracer kinetic models for
quantification of perfusion have been successfully vali-
dated in animals against the radiolabeled microsphere
method over a wide flow range for both tracers.”'”

Single-tissue compartment models for an inert
freely diffusible tracer are used for calculation of MBF
by use of 'O-water.” For '*N-ammonia a three-com-
partment model taking into account the myocardial
metabolic trapping and whole-body metabolism has
been used for calculation of perfusion.'™'> Typically,
the models also correct for the partial volume effect and
spillover from the left ventricular chamber into the
myocardial regions. These two tracers have been found
to be equivalent for quantifying myocardial perfusion.'®

There are, however, some obvious differences
between these two tracers. '°N-ammonia is extracted
from blood with an extraction fraction lower than 100%
and the extraction is inversely related to the perfusion
(Figure 1). When 50-water is used, perfusion is
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Figure 1. Graphical presentation of the relationship between
absolute myocardial perfusion and tracer uptake. The lines are
only rough estimates of the tracer uptake characteristics.
However, in all tracers except 150-water, the tracer extraction
is reduced when perfusion is increased leading to underesti-
mation of perfusion if only tracer uptake is used.

estimated from the tracer’s washout from the myocar-
dium, whereas with 13N-ammonia, perfusion is calcu-
lated from the tracer’s uptake by myocardium.

The most important limitation of perfusion tracers
as regard to quantification is the suboptimal myocardial
extraction of the tracer. In addition to suboptimal
extraction level, even more problematic phenomenon is
that the extraction is reduced with increasing perfusion
(Figure 1). When extraction fraction is reduced with
increasing perfusion the uptake of tracer is not linear
with perfusion and higher flows are underestimated. This
must be corrected in the mathematical model by
increasing the higher range perfusion values using spe-
cific equations. However, in the case the extraction is
much blunted very high correction factors need to be
used or the correction may become impossible. It needs
to be noted also that high correction factors also multi-
plies the noise of the measurements leading to larger
scatter of the values with high perfusion rates.

Although kinetic models have been proposed for
quantification of perfusion by use of ®Rb, all these
models are limited by the dependence of the myocardial
extraction fraction on the perfusion rate. The recent
animal validation studies with 5?Rb has shown reason-
able good linearity but as expected the scatter in high
flow rates is quite high.'"'” This does not necessarily
mean that 5*Rb cannot be used to quantify myocardial
perfusion in clinical situations but may indicate that
different cut-off values for normal and abnormal per-
fusion need to be used or that the accuracy may not be as
good than with other perfusion tracers.

Itneeds to be noted, however, that this phenomenon is
very evident also with other tracers such as SPECT per-
fusion tracers (Figure 1), MRI, and CT contract agents.
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QUANTITATIVE PERFUSION IMAGING
PROTOCOLS

The perfusion imaging protocol depends on which
tracer is used. With PET imaging the stress study is per-
formed using pharmacologic stressors such as adenosine,
dipyridamole, or dobutamine. The dynamic imaging
protocols have been standardized."'® With PET tracers
such as 5?Rb and >O-water studies (half-lives 76 seconds
and 112 seconds) the stress study can be performed
practically without delay after the rest study. With
13N-ammonia stress testing is delayed for about 30 min-
utes to allow tracer decay. If method to correct patient
motion between stress and rest studies is not available,
second low-dose attenuation is needed. In all studies
quality control process is needed to ensure optimal
alignment of the attenuation and PET emission scans and,
if necessary, misalignment needs to be corrected.'**°

If the system is capable to list mode acquisition, the
data can be collected as ECG gated mode that allows the
simultaneous assessment of regional and global left
ventricular wall motion from the same scan data. This is
particularly practical when ®°Rb is used as tracer. The
total time required for whole study session depends on
the tracer used. With 'O-water and ®*Rb the whole
session can be finished in 30 minutes and with
>N-ammonia in 80 minutes. The protocols can be fur-
ther shortened significantly since in hybrid approaches
only single stress perfusion imaging may be needed
especially when using quantification®' and the protocols
with all tracers can be as short as 15 minutes.

INTERPRETATION OF ABSOLUTE MYOCARDIAL
PERFUSION RESULTS

When quantitative results are obtained, the criteria
for interpretation must be redefined. As regard to per-
fusion reserve typically values above 2.5-2.7 have been
regarded as normal.’

As regard to absolute perfusion in mL/g/minute, a
little clinical evidence is available and it also appears
that different traces may provide different cutoffs.'>>'2?
In the study by Muzik et al’® using '*N-ammonia as
tracer, the optimal cutoff value was found to be quite
low (1.52 mL/g/minute) to separate ischemic from
noninschemic regions. In our recent analysis using
0-water the ideal cutoff for absolute stress perfusion
was 2.5 mL/g/minute, the range from 2.0 to 2.5 being
mildly reduced.”® Naturally the more severe is ischemia
the lower is the stress perfusion and in clearly ischemic
regions the stress perfusion is just above resting values
(1.0-2.0 mL/g/minute).

With 32Rb very limited clinical data is available. In
the study by Anagnostopoulos et al*? linearity with the
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perfusion or perfusion reserve versus coronary diameter
stenosis was detected but the cutoffs for perfusion
reserve and absolute stress perfusion values seem to be
lower than the numbers reported for '>N-ammonia or
150-water earlier. More studies are warranted.

One of the main issues which need to be kept in mind
is that the interpretation of the quantified parametric
perfusion images is different from the traditional images.
In the traditional tracer distribution images the upper
range of perfusion is seen blunted so that at high perfusion
range very little changes in the tracer uptake is seen
(Figure 2). This is mainly caused by the decreasing tracer
extraction fraction at high perfusion range in most tracers.
When quantification is performed, the perfusion scale will
also be expanded to high flows. This leads to apparently
more heterogeneous perfusion images since the upper
range ‘smoothing’ is uncovered. This has been known for
long with '>O-water which does not produce qualitative
perfusion images at all but only quantitative results. The
same phenomenon is likely to happen automatically with
the new tracers with high extraction fraction'*'? and also
with other tracers after quantification. This means that the
traditional criteria for ischemic regions in the images need
to be redefined when quantification is applied.

It needs to be acknowledged that there is still limited
clinical data about the optimal cut-off perfusion reserve
or stress perfusion values to distinguish ischemic from
nonischemic regions. Furthermore, display of quantified
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parametric perfusion images needs to be standardized.
One option used in the clinical examples of this article is
to display the images using fixed scale so that each color
or gray zone represents specific absolute number in
quantification. All examples shown in this article have
been displayed in this way by choosing the maximum
value as 3.5 mL/g/minute.

CLINICAL SCENARIOS WHERE
QUANTIFICATION IS BENEFICIAL

The incremental value of quantitative analysis for
the clinical decision making has been sparsely studied.
In those few studies it was found that the accuracy was
further improved by quantitative analysis.””’~*' Based on
the currently available information there are several
clinical scenarios where the quantification is likely
changing the clinical interpretation.

Multivessel CAD

The typical situation where quantification will provide
incremental information is patient with multivessel disease.
Relative assessment of perfusion distribution often uncov-
ers only the coronary territory supplied by the most severe
stenoses (Figure 3). In multivessel disease coronary flow
reserve may be variably abnormal in all territories thereby
reducing the heterogeneity of perfusion between ‘ ‘normal’’
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Figure 2. Theoretical presentation of the relationship between absolute myocardial perfusion
and measured perfusion after quantification. The mathematical modeling is aiming to correct
the nonlinear relationship between the perfusion and tracer uptake. The resulted quantified
perfusion values will have different scale than the original relative perfusion images. Due to
correction, however, the noise in high perfusion range will be increased.
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Figure 3. In situations of complex multivessel CAD quantification provides added value in the
assessment of severity of ischemia. Three-dimensional cardiac hybrid PET-CT images providing a
panoramic view of parametric 'O-water stress perfusion and CT angiography in patient with effort
angina. The images (A and B) scaled to relative scale where the best perfused region is set to
maximum and has the brightest color (in rainbow scale lowest = blue and highest = red). The
hybrid images of anterior (A) and lateral (B) views suggested large perfusion defect in the anterior
wall but other areas were considered normally perfused. However, in the images scaled according
to absolute scale (C and D) (0 mL/g/min = blue and 3.5 mL/g/min = red) uncovered reduction of
perfusion also in lateral wall supplied by left circumflex artery. The normal perfusion was found
only in inferoapical wall. The finding of multi-vessel disease was confirmed also in invasive

angiography.

and ‘‘abnormal’’ zones. This may be particularly helpful in
patients with multiple perfusion abnormalities (Figure 4).

This problem can be solved immediately by quan-
tification since it provides independent information
about all myocardial territories.””*' Also determination
of the response of left ventricular ejection fraction to
stress from gated perfusion data will help.**

Balanced Multivessel CAD

Quantification is obviously helpful in patients with
diffuse CAD or balanced disease where relative assess-
ment of myocardial perfusion cannot uncover global
reduction in perfusion (Figure 5). Typically, in relative
analysis of perfusion the images look homogenous and
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Figure 4. Three-dimensional cardiac hybrid PET-CT images of patient with effort angina with
similar technique than used in Figure 3. The images (A and B) scaled to relative scale of anterior
(A) and posterior (B) views suggested small perfusion defect in the posterior wall but other areas
were considered normally perfused. However, in the images scaled according to absolute scale
(C and D) abnormal perfusion was found also in the anterior and lateral walls. The finding was
confirmed in invasive angiography.

the disease can be completely missed if no other signs of
multivessel disease are evident.

Earlier this problem has been regarded as clinically
uncommon but in recent preliminary analysis 5-10% of
patients with suspected CAD will display balanced CAD
pattern.”!

The Exclusion of CAD in Symptomatic
Patients

Although the normalcy rate of perfusion imaging
has been reported to be quite high (around 90%) subtle
irregularities are commonly classified as equivocal
findings. In addition, in recent clinical studies the
specificity of perfusion imaging has been quite low
(50-70%) but sensitivity has remained high. Although,

this phenomenon can be partly explained by referral
bias, part of the explanation lays on the interpretation of
subtle perfusion irregularities as suspicious findings.

In quantitative analysis the relative heterogeneity
has less impact on the interpretation since high abso-
lute perfusion in a region can be regarded as normal
despite the inhomogeneous perfusion distribution
(Figure 6). Inversely, the use of quantification makes it
more confident to interpret also subtle perfusion
irregularities as abnormal when absolute perfusion is
low.

It has been also documented that PET is more
accurate than SPECT in traditionally difficult patient
populations such as obese and diabetic subjects® and this
phenomenon may be linked with the more quantitative
nature of PET imaging.
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Figure 5. Three-dimensional cardiac hybrid PET-CT images of patient with effort angina with
similar technique than used in Figure 3. The images (A and B) scaled to relative scale of anterior
(A) and posterior (B) views suggested only small suspicious perfusion defect in the inferoapical
wall. However, in the images scaled according to absolute scale (C and D) global reduction in all
myocardial regions was detected suggesting balanced 3 vessel CAD. The finding was confirmed in
CT and invasive angiography.

Patients with Microvascular Disease

The patients with microvascular disease are char-
acterized by diffuse reduction in myocardial perfusion
(Figure 7). This finding cannot be exposed by standard
relative perfusion analysis. Also the early coronary
dysfunction liked with early CAD can be detected only
with quantitative analysis of perfusion.

Revascularized Patients

Patients who have undergone coronary bypass
revascularization have typically very complex CAD

with advanced disease in native vessels and potential
graft problems. In these patients the relative perfusion
patterns may be very atypical. With quantitative analysis
of perfusion the confidence of reading is likely
improved. In this complex situation also hybrid imaging
may be very useful. (Figure 8).

LIMITATIONS OF PERFUSION QUANTIFICATION

Although quantification of myocardial perfusion has
obviously a great clinical potential there are several
limitations that need to be recognized.
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Figure 6. Three-dimensional cardiac hybrid PET-CT images of patient with effort angina with
similar technique than used in Figure 3. The images (A and B) scaled to relative scale of anterior
(A) and posterior (B) views suggested several suspicious perfusion defects in the apical and lateral
walls. However, in the images scaled according to absolute scale (C and D) perfusion was high in
all myocardial regions. This was in agreement with angiography where only small nonsignificant
coronary lesions were detected.

The knowledge of optimal cut-off values for absolute
perfusion needs to be studied in larger populations and in
various tracers. Furthermore, the quantification process
using each tracer and the interpretation needs to be stan-
dardized. More information is needed about different
subpopulations such as diabetic and obese patients,
patients with heart failure, and revascularized patients.

Even with optimized techniques it remains the fact
that perfusion imaging does not provide morphological
information. The perfusion imaging only provides
information about existence and severity of perfusion
abnormalities but not about the mechanism, e.g. the
patients with diffuse balanced coronary heart disease
and those with microvascular dysfunction leading to
globally compromised perfusion cannot be separated by

perfusion imaging. Therefore, the combined or hybrid
imaging with CT angiography is believed to provide
incremental information in patients with suspected
CAD.*

Myocardial perfusion imaging provides a simple and
accurate integrated measure of the effect of all parame-
ters on coronary resistance and tissue perfusion, but at
the same time it cannot dissect the effect of specific
coronary plaque in the case of serial changes or when
combined with microvascular disease (Figure 7).

A special group of patients where perfusion is difficult
to interpret are patients with heart failure. In heart failure
absolute perfusion and perfusion are commonly reduced
and also heterogeneous. This makes the interpretation
without anatomical information very challenging.”’
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Figure 7. Three-dimensional cardiac hybrid PET-CT images of patient with angina with similar
technique than used in Figure 3. The images (A and B) scaled to relative scale of anterior (A) and
right (B) views. No obvious perfusion abnormalities were detected in the relative scale images. In
the images scaled according to absolute scale (C and D) perfusion was heterogeneously abnormally
low in most myocardial regions. In CT angiography and invasive angiography only minor
epicardial coronary lesions were detected. The most probable explanation for abnormal perfusion in
this patient is microvascular disease.

SUMMARY AND FUTURE DEVELOPMENTS

Quantification of myocardial perfusion will likely
become standard technique also in clinical studies while
more information and clinical evidence becomes avail-
able. Even the current limited experience demonstrates
potential benefits in several patient groups.

To become standard technique the access to
tracers that enable accurate quantification needs to be
improved. Whether quantification of ®?Rb kinetics will be
accurate enough for clinical use remains to be seen. New

"®Fluoride-labeled tracers with high extraction fraction
are very promising.

The concept of hybrid imaging to deliver compre-
hensive integrated morphological and functional infor-
mation is particularly appealing.”® In addition to being
intuitively convincing, these images provide a panoramic
view of the myocardium, the regional myocardial perfu-
sion, or viability and the coronary artery tree, thus
eliminating uncertainties in the relationship of perfusion
defects, scar regions, and diseased coronary arteries.
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Figure 8. In situations of complex coronary CAD and after bypass surgery quantification with
hybrid cardiac imaging provides added value. CT coronary angiography may allow visualization of
patent bypass grafts but the evaluation of the anastomoses remains difficult. A conclusion about
hemodynamic relevant lesions can only be reached in conjunction with perfusion. The image
documents residual ischemia in the left anterior descending artery territory.

More studies assessing the prognostic value and
cost-effectiveness are warranted. The current bottleneck
which slows the increase of cardiac PET/CT is the lim-
ited access to tracers. The clinical value of quantification
is under research and in the near future more solid
information will become available. The cost-effective-
ness of this technique also needs to be studied although
additional costs over the standard PET imaging are
minimal.
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