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Abstract

Background—Computerized methodologies standardize the myocardial perfusion imaging
(MPI) interpretation process.

Methods—To develop an automated relative perfusion quantitation approach for 18F-flurpiridaz,
PET MPI studies from all phase 111 trial participants of 18F-flurpiridaz were divided into 3
groups. Count distributions were obtained in n=40 normal patients undergoing pharmacological
or exercise stress. Then, n=90 additional studies were selected in a derivation group. Following
receiver operating characteristic curve analysis, various standard deviations below the mean were
used as cutoffs for significant CAD, and interobserver variability determined. Finally, diagnostic
performance was compared between blinded visual readers and blinded derivations of automated
relative quantitation in the remaining n=548 validation patients.

Results—Both approaches yielded comparable accuracies for the detection of global CAD,
reaching 71% and 72% by visual reads, and 72% and 68% by automated relative quantitation,
when using CAD =70% or =250% stenosis for significance, respectively. Similar results were
observed when analyzing individual coronary territories. In both pharmacological and exercise
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stress, automated relative quantitation demonstrated significantly more interobserver agreement
than visual reads.

Conclusions—Our automated method of 18F-flurpiridaz relative perfusion analysis provides

a quantitat

ive, objective, and highly reproducible assessment of PET MPI in normal and CAD

subjects undergoing either pharmacological or exercise stress.
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INTRODUCTION

In patients with apparently stable coronary artery disease (CAD), myocardial perfusion
imaging (MPI) is a critical component in the determination of the hemodynamic significance
of stenotic epicardial lesions and patient risk stratification.12 Despite multiple studies
suggesting superior accuracy of positron emission tomography (PET) over single photon
emission computed tomography (SPECT) MPI,3 particularly in female®6 or obese’
patients, and in addition to lower radiation exposure,® the widespread use of PET has

been hampered by limitations of currently available radiopharmaceuticals.! In this context,
flurpiridaz, a novel 18F-based PET radiopharmaceutical with a half-life of 109 minutes
available to imaging centers as unit doses, has undergone phase I-111 multicenter clinical
investigation.9-11

Relative perfusion assessed visually by radiotracer count distribution in regional myocardial
tissue following image reconstruction remains the mainstay of MPI interpretation.12 To help
standardize image interpretation and reduce intra- and interobserver variability, automated
approaches to MPI have been developed for SPECT and PET radiotracers.13 Extraction

of these quantitative parameters of cardiac radionuclide distribution assist the interpreting
physician4 and have been derived for 13N-ammonial®-16 and 82Rb-chloride.17:18

In the present study, we developed an automated method for relative quantitation of
18F_flurpiridaz MPI. First, using a reference group we determined a normal database

of flurpiridaz count distribution in individual coronary territories and in the global left
ventricular myocardium. Then, using a derivation group we developed the lower limits

of normal count distribution and the cutoffs for assessment of significant CAD in both
pharmacological and exercise stress testing. Subsequently, we assessed the interobserver
variability in the automated and visual approaches. Finally, we validated this method in

a large group of patients from the phase 111 clinical trial of 18F-flurpiridaz by comparing
performance metrics of automation with expert blinded visual reads using invasive coronary
angiography as the reference standard.
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MATERIAL AND METHODS

Patient population

PET MPI studies from all evaluable patients in the phase 1 trial of 18F-flurpiridaz!!
(Lantheus Medical Imaging, ClinicalTrials.gov identifier: NCT01347710) suitable for
quantitative analysis were included (n=678) (Fig. 1). All the patients signed an informed
consent approved by the local institutional review boards. Patients were divided into 3
groups (Fig. 1 and Table 1). Group 1: n=40 normal patients to determine normal count
distributions. Group 2: n=90 derivation patients to establish i) the lower limits of normal
flurpiridaz count distributions in each coronary territory by determining the standard
deviations below mean normal counts associated with the highest receiver operating
characteristic (ROC) area under the curve (AUC) for CAD =50% and CAD >70% detection
in both pharmacological (n=45) and exercise stress (n=45), ii) the abnormality cutoff
values to detect CAD by re-deriving activity maps for repeat ROC analyses, i.e. the %
perfusion deficit displaying abnormal tracer distribution below normal limits leading to the
best sensitivity/specificity tradeoff for CAD diagnosis, and iii) the interpretation variability.
Group 3: n=548 validation patients used to calculate the diagnostic performance of the
automated perfusion quantitation approach and compare performance metrics with majority
visual reads.

Automated relative perfusion quantitation

LV myocardial perfusion distributions were represented using polar maps.19-20 Transaxial
data was automatically resized to cubic voxels and a 3D isotropic Gaussian filter with
8.0mm full width at half-maximum (FWHM) and a 7-pixel slice thickness optimized for

the automated process was applied. Then, transaxial data was manually reoriented into short
axis data by specifying the two reorientation angles (transaxial and reference vertical long
axis) on the ungated filtered transaxial data. These angles were then automatically applied to
the gated filtered transaxial data. The resultant gated and ungated data were then imported
into the Emory Cardiac Toolbox v4, where the automatic processing parameters (center,
radius-of-search, apex and base) were quality controlled and modified when necessary. The
3-dimensional maximal LV count distribution was synthesized onto a single 2-dimensional
polar map.14 Each study was processed and sampled using a 3-dimensional hybrid sampling
scheme to extract myocardial tracer distribution and search for maximal counts along

a radius perpendicular to the myocardial wall.2> Normal distributions (mean, standard
deviation) were determined for rest, pharmacological stress, and exercise stress myocardial
perfusion.1® Profile normalization for normal limit comparison was performed only on the
stress images by determining a scale factor that normalizes the mean of the most normal
area of the patient’s profiles to the mean of the same area in the normal limit database.

In the derivation group, areas under the curve from ROC analyses were determined using
2.0, 2.5, or 3.0 standard deviations below the mean normal as the threshold for significant
CAD for all pixels in the myocardium. Automated relative quantitation was performed by

2 independent nuclear cardiology processing personnel in a blinded manner who could
override the default automatic parameters.
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Diagnostic analyses and interpretation variability

Accuracy, sensitivity, and specificity were compared between visual reads and automated
relative quantitation in the validation group. For visual reads, the majority blinded read
from the phase I11 clinical trial core was used. For automated relative quantitation, one
derivation of the data (Observer 1) was used. Analyses were compared to quantitative
invasive coronary angiography in all the validation patients and in the pharmacological stress
and exercise stress only patients. Interobserver agreement was assessed in the derivation
group separately for pharmacological and exercise stress, further subdivided into normal,
CAD =70% or =50% stenosis conditions. Interobserver agreements were determined for
visual reads and for independent derivations of automated relative quantitation. Degrees
of agreement based on the Kappa or AC1 value were defined as previous: 0-0.2 =slight,
0.2-0.4 =fair, 0.4-0.6 =moderate, 0.6-0.8 =substantial, and 0.8-1.0 =almost perfect.

See online Supplements for additional information on patient selection, stress protocol, PET
image processing, and statistical analyses.

RESULTS

Normal flurpiridaz count distribution and determination of CAD thresholds

In normal patients undergoing either pharmacological stress or treadmill exercise (Fig. 2),
flurpiridaz myocardial counts were reduced in the basal septum due to the membranous
septum, and in the apex due to apical thinning. In the remaining LV segments, count
distributions were uniform. In the derivation group, we then determined the standard
deviation (SD) thresholds below mean normal counts leading to the highest ROC AUC for
CAD detection in both pharmacological stress (Table 2A) and treadmill exercise (Table 2B).
Our results indicate that for both pharmacological and exercise stress, the highest sensitivity/
specificity tradeoff was achieved with the criterion of 28% LV myocardium displaying
abnormal counts for CAD >50% stenosis, and >12% of the LV myocardium for CAD >70.
The above criteria for abnormality were true both for global CAD and individual territory
CAD detection.

Diagnostic performance of visual read vs. automated quantitation

For the detection of global CAD in the combined pharmacological and exercise stress
groups (n=548), visual reads yielded a diagnostic accuracy of 71% for CAD =70%, and
72% for CAD =50% stenosis (Fig. 3A, Suppl. Table 1). Automated relative quantitation
achieved a similar accuracy of 72% for CAD =70%, and 68% for CAD =50% identification
(Fig. 3A, Suppl. Table 1) (P-values not significant). In the pharmacological stress subroup
(n=404), the diagnostic accuracy for global CAD was 72% for CAD =70%, and 74%

for CAD =50% by visual reads (Fig. 3B, Suppl. Table 2). The accuracy of automated
quantitation in the pharmacological stress subgroup was 73% for CAD =70%, and 68% for
CAD =50% (Fig. 3B, Suppl. Table 2) (P-values not significant). In the treadmill exercise
subgroup (n=144), the diagnostic accuracy of visual reads was 66% for CAD >70%, and
65% for CAD =50% (Fig. 3C, Suppl. Table 3). The diagnostic accuracy of automated
quantitation in this subgroup was 68% for CAD =70%, and 65% for CAD =50% (Fig. 3C,
Suppl. Table 3) (P-values not significant). Similarly, there were no significant differences in
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diagnostic performance between visual reads and automated relative perfusion quantitation
when analyzing individual coronary territories (P-values not significant for all comparisons
other than left circumflex sensitivity and specificity in combined stress or pharmacological
only stress, however only in CAD =50% analyses).

Interpretation variability of visual reads vs. automated quantitation

In the pharmacological stress subgroup, interobserver agreement for automated relative
quantitation was ‘almost perfect’ (0.80-1.00) in global and in individual territories,
regardless of whether studies were categorized as normal or as CAD (Fig. 4A, Suppl.

Table 4). On the other hand, interobserver agreement in visual reads were ‘moderate’
(0.40-0.60) to “substantial’ (0.60-0.80) (Fig. 4A, Suppl. Table 4). In the treadmill exercise
subgroup, automated relative quantitation achieved an ‘almost perfect’ degree of agreement
across the spectrum of analyses, i.e. normal, CAD =70% or =50% stenosis, ranging from
0.91 to 1.00 (Fig. 4B, Suppl. Table 5). However, the interobserver agreement for visual
analysis was ‘fair’ (0.20-0.40) to ‘moderate’ (0.400.60) in normal territories, and ‘moderate-
substantial’ (0.40-0.80) in CAD territories (Fig. 4B, Suppl. Table 5). Overall, automated
relative quantitation demonstrated significantly less variability than visual reads in both the
pharmacological and treadmill exercise subgroups.

Illustrative examples of a normal patient with discordant (Fig. 5A) and a CAD patient with
concordant (Fig. 5B) visual and automated quantitation diagnostic results are shown.

DISCUSSION

We present the development and validation of an automated relative quantitation method

of 18F-flurpiridaz PET MPI. To this end, we determined normal count distributions of
flurpiridaz, established normal limits and criteria for abnormality, scrutinized interobserver
agreement, and assessed the diagnostic performance of our computerized method in a

large population of patients from the phase 111 clinical trial of 2F-flurpiridaz. To extract 3-
dimensional myocardial maximal count distribution of flurpiridaz, we adapted an approach
validated in previous radiotracers13.14.20.21 by using spherical coordinates to sample the
apical region and cylindrical coordinates to sample the remaining LV myocardium.2? Our
automated approach was tested over a wide range of conditions in normal, and 1-, 2-, and
3-vessel CAD patients from a prospective, multicenter, phase Il clinical trial of flurpiridaz.

The unique characteristics of flurpiridaz, including 18F labeling with 109 minute half-life,
possibility to order as unit doses, ability to perform exercise stress in routine clinical practice
in addition to pharmacological stress, very high cardiac extraction fraction, ideal suitability
for absolute myocardial blood flow quantitation, and low positron range, constitute a
significant addition to the currently available PET radiotracers.1-4-11.22-24 Qur study further
paves the way for a clinically useful automated application of relative flurpiridaz perfusion
assessment. Overall, diagnostic performance was comparable when derived by automated
relative quantitation vs. visual reads, thereby establishing the non-inferiority of the present
automated approach compared to the visual interpretation of expert readers. Our automated
method has the added advantage of an ‘almost perfect’ degree of agreement with minimal
interobserver variability in both normal and CAD territories which was superior to the
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one achieved by expert readers. Additionally, we developed automation for rest images
that will permit detection of defect reversibility in future applications. Thus, we anticipate
our approach will provide valuable assistance to 18F-flurpiridaz PET MPI interpreting
physicians, particularly because of limited or no experience with this new tracer.

Previous PET MPI studies scrutinized performance metrics of automated relative
quantitation following pharmacological stress with 82Rb-chloride or 13N-ammonia. For the
endpoint of global CAD >70% detection with 82Rb-chloride, Santana et a/. reported an
accuracy of 85%, a sensitivity of 95%, and a specificity of 54%,17 whereas Nakazato et a/.
using a different software obtained a sensitivity of 93% and specificity of 77%.18 Studying
13N-ammonia PET MPI relative quantitation, Laubenbacher e a/. reported an accuracy of
82%, a sensitivity of 86%, and a specificity of 80%, in global CAD >75%.16 Our automated
relative quantitation results in the presence of global CAD >70% with 18F-flurpiridaz
compare favorably, achieving an accuracy of 72%, sensitivity of 64%, and specificity of
76%. However, overall sensitivity in the phase 111 clinical trial of flurpiridaz was likely
degraded by not recruiting high-risk CAD patients because of safety concerns in subjecting
these patients to two stress tests and delaying invasive coronary angiography and possible
coronary revascularization.

Studies with visual reads of 9°™Tc-sestamibi, 2526 13N-ammonia,2” and 82Rb-chloride?8
demonstrated interobserver agreements ranging from moderate-substantial. Visual

analysis is more prone to variability than automated quantitative analysis2® which

enhances interpretation reproducibility.30 Given 18F-flurpiridaz is a novel PET MPI
radiopharmaceutical, there is an expected learning curve for the interpreting physician of its
specific characteristics. Future research should further address the intra- and inter-observer
variability of flurpiridaz PET MPI interpretation, as well as test repeatability defined as the
variability between measurements of serial studies, to address the suitability of this novel
radiopharmaceutical for serial scanning and monitoring of CAD.

LIMITATIONS

Although the phase Il clinical trial was a prospective study, we applied the automated
relative perfusion quantitation method in a retrospective manner. Additionally, due to
regulatory requirements, % stenosis by invasive coronary angiography was the “gold
standard” comparator. Thus, other invasive findings such as fractional flow reserve (FFR)
or instant wave-free ratio (iFR) were not measured as part of the trial. The known poor
relationship of % stenosis with the functional significance of CAD as measured by FFR or
myocardial flow reserve thus negatively impacted both sensitivity and specificity.

CONCLUSION

The present comprehensive automated method of relative perfusion analysis provides a
quantitative, accurate, objective, and highly reproducible, assessment of 18F-flurpiridaz PET
MPI in normal and CAD subjects undergoing either pharmacological or exercise stress.
These findings create the foundation for using an automated approach as a second on-site
study interpretation with objective assessment.

J Nucl Cardiol. Author manuscript; available in PMC 2023 April 01.
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NEW KNOWLEDGE GAINED

The present study determined the diagnostic value of a newly developed automated relative
quantitation system of 18F-flurpiridaz PET MPI in comparison to visual assessment.
Whereas both techniques yield similar diagnostic accuracies, the software approach is
significantly less prone to variability than visual reads. Our automated relative quantitation
system of 18F-flurpiridaz PET MPI constitutes an objective, second interpretation available
to the diagnosing physician who may decide to take these results into consideration and
integrate them in the final report.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
CAD coronary artery disease
LAD left anterior descending
LCx left circumflex
LV left ventricle
LVEF left ventricular ejection fraction
MPI myocardial perfusion imaging
PET positron emission tomography
SPECT single photon emission computed tomography
Pharm pharmacological
RCA right coronary artery
ROC receiver operating characteristic
SD standard deviation
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Figure 2. Polar Maps of Flurpiridaz in Normal Patients.
Polar maps of the mean flurpiridaz count distribution with relative color intensity

and corresponding numerical values in a 17-segment model. Results at rest and with
pharmacological and exercise stress in normal patients are presented. The Rest row
depicts results obtained from the rest studies of the same patients who underwent either
pharmacological or exercise stress. Flurpiridaz myocardial counts were reduced in the
basal septum due to the membranous septum. The distal apex demonstrates lower intensity
values, reflecting the ability of flurpiridaz to provide images with high resolution in this
anatomically thin segment. Flurpiridaz count distributions were uniform in the remaining
segments.
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Figure 3A. Diagnostic Performance in Pharmacological and Exercise Stress.
Comparison of performance metrics of visual reads vs. automated relative quantitation with

the reference standard of angiographically determined CAD. * £<0.05.
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Figure 3B. Diagnostic Performance in Pharmacological Stress.
* P<0.05.
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Figure 3C.

Diagnostic Performance in Exercise Stress.
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Figure 4A. Interobserver Agreement in Pharmacological Stress.
Interobserver agreement in visual reads vs. automated relative quantitation in normal and

CAD territories following pharmacological stress. The dotted horizontal line indicates the
cutoff above which an “almost perfect’ (0.80-1.00) agreement was characterized.
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Figure 4B.

Interobserver Agreement in Exercise Stress.
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Figure 5A. Example of a discordant interpretation between visual read and automated relative
quantitation of flurpiridaz MPI in a normal patient undergoing pharmacological stress.

65 year old female with atypical angina and an intermediate pre-test probability of CAD.
Invasive coronary angiography demonstrated 0% stenosis in all territories. The inferior wall
was interpreted as stress-inducible ischemia by visual reads, constituting a false-positive,
whereas the automated relative quantitation approach correctly identified a normal perfusion
scan (1% deficit). The defect extent shows the raw perfusion polar map with pixels that fall
below the normal criteria set to 0, i.e. blacked-out.
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Stress Rest

Figure 5B. Example of a concordant interpretation between visual read and automated relative

quantitation of flurpiridaz MPI in a CAD patient undergoing exercise stress.

42 year old male with typical angina and a high pre-test probability of CAD. Invasive
coronary angiography was significant for a 76% stenosis in the LCx artery, and 0%
stenosis in the other territories. The LCx territory/lateral wall was correctly interpreted
as demonstrating stress-inducible ischemia by both visual reads and automated relative

quantitation (14% deficit).
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