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Background. '®F-Flurpiridaz is a promising investigational radiotracer for PET myocar-
dial perfusion imaging with favorable properties for quantification of myocardial blood flow
(MBF). We sought to validate the incremental diagnostic value of absolute MBF quantification
in a large multicenter trial against quantitative coronary angiography.

Methods. We retrospectively analyzed a subset of patients (N = 231) from the first phase 3
flurpiridaz trial (NCT01347710). Dynamic PET data at rest and pharmacologic stress were fit
to a previously validated 2-tissue-compartment model. Absolute MBF and myocardial flow
reserve (MFR) were compared with coronary artery disease severity quantified by invasive
coronary angiography on a per-patient and per-vessel basis.

Results. Stress MBF per-vessel accurately identified obstructive disease (c-index 0.79) and
progressively declined with increasing stenosis severity (2.35 + 0.71 in patients without CAD;
1.92 + 0.49 in non-obstructed territories of CAD patients; and 1.54 + 0.50 in diseased territo-
ries, P < 0.05). MFR similarly declined with increasing stenosis severity (3.03 £+ 0.94;
2.69 = 0.95; and 2.33 + 0.86, respectively, P < 0.05). In multivariable logistic regression mod-
eling, stress MBF and MFR provided incremental diagnostic value beyond patient
characteristics and relative perfusion analysis.

Conclusions. Clinical myocardial blood flow measurement with 'F-flurpiridaz cardiac
PET shows promise for routine application. (J Nucl Cardiol 2021;28:2313-29.)
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Abbreviations

PET Positron emission tomography

MBF Myocardial blood flow

MFR Myocardial flow reserve

CAD Coronary artery disease

ICA Invasive coronary angiography

SPECT Single photon emission computed
tomography

See related editorial, pp. 2330-2334

INTRODUCTION

"®E_Flurpiridaz is a promising investigational radio-
tracer for myocardial perfusion PET with favorable
properties for quantification of myocardial blood flow
(MBF) and reserve (MFR).!™ One phase 3 clinical trial
has been completed (‘‘301 trial’ ’4) which established the
diagnostic performance of flurpiridaz PET myocardial
perfusion imaging,” and a second phase 3 trial is
currently underway (‘303 trial’’®). Several animal
studies have demonstrated excellent tracer extraction
and have developed kinetic models using microsphere-
derived flow measurements as the gold standard.”” In

Table 1. Patient characteristics
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Figure 1. Case examples. A female patient, age 60, BMIp
51 kg-m?, with chest pain, multiple risk factors (hypertension,
hypercholesterolemia, diabetes, smoking), and history of PCI
to the LAD. Quantitative coronary angiography showed a 92%
lesion in the proximal LAD, 88% lesion in the proximal LCX,
and a 40% lesion in the mid RCA. '*F-flurpiridaz PET showed
a large reversible defect in the LAD territory with coronary
steal apparent in absolute flow but not relative retention polar
maps, as well as globally and regionally reduced stress flow
and flow reserve. Summed static images (2-15 minutes) are
shown in the upper left, and kinetic fits to global LV time-
activity curves (yellow points and lines) are shown in the
bottom right. B male patient, age 50, BMI 16 kg-m?,
asymptomatic, multiple risk factors (hypertension, diabetes,
smoking), and abnormal baseline EKG. Quantitative coronary
angiography showed a 28% lesion in the proximal LAD, 100%
lesion in the mid LCX, and an 82% lesion in the mid RCA.
'8E_flurpiridaz PET showed a partially reversible defect in the
distal LCX and RCA territories, as well as regionally reduced
flow and flow reserve in the LCX and RCA territories.

addition, the feasibility of flow measurements in humans
has been shown in a small, single-center study.'® Prior
studies, primarily single-center, with 13N—ammonia,
ISO-Water,”"15 and ¥?Rb'®!” have shown that quantifi-
cation of stress MBF and MFR improves diagnostic

N (%) No obstructive CAD (N = 131) CAD? (N = 100) P value
Age, mean % SD years 619 64 + 10 0.015
BMI, mean * SD kg-m? 31.9+59 31.0 £ 5.9 0.241
Patient sex

Male 78 (60) 83 (83) < 0.001

Female 53 (40) 17 (17) < 0.001
Obese 76 (58) 55 (55) 0.647
LVEF, mean + SD % 58 £ 12 56 £ 11 0.092
Family history of CAD 74 (56) 57 (57) 0.938
Hypertension 111 (85) 89 (89) 0.346
Hypercholesterolemia 108 (82) 92 (92) 0.035
Diabetes 41 (31) 45 (45) 0.033
Smoking 72 (55) 65 (65) 0.124
History of MI 12 (9) 24 (24) 0.002
History of PCI 31 (24) 45 (45) < 0.001
Pre-test likelihood of CAD

Low 12 (9) 14 (14) 0.249

Intermediate 71 (54) 37 (37) 0.009

High 48 (37) 49 (49) 0.059
Coronary Angiography

1-vessel CAD - 65 (65) -

2-vessel CAD - 27 (27) -

3-vessel CAD - 8 (8) -

?Obstructive CAD was defined by > 50% diameter stenosis
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accuracy. In the present study, we sought to evaluate the
incremental diagnostic accuracy of '*F-flurpiridaz flow
measurements in the multicenter flurpiridaz 301 trial
against quantitative coronary angiography.

METHODS

Study Population

Patients were enrolled in the 301 trial at 81 sites world-
wide. Inclusion criteria included men and women > 18 years
of age who underwent invasive coronary angiography (ICA)
without intervention, clinically indicated myocardial perfusion
SPECT, and were capable of undergoing exercise or pharma-
cologic stress. Major  exclusion  criteria ~ were
unstable cardiovascular status including myocardial infarction
within 6 months of '®F-flurpiridaz PET, percutaneous coronary
intervention (PCI) or other invasive coronary procedures
within 6 months prior to '®F-flurpiridaz PET, history of
coronary artery bypass graft surgery, or current non-ischemic
cardiomyopathy. Pre-test probability of CAD was determined
according to ACC/AHA guidelines for exercise testing.'®
Primary study results and trial design have been previously
published.’ The availability of adequate quality dynamic PET
images at rest and pharmacologic stress was an additional
inclusion criterion for this secondary analysis which was not
prespecified (dynamic imaging was optional at the discretion
of the recruiting sites). All patients provided written informed
consent prior to undergoing study procedures.

Coronary Angiography

Invasive coronary angiography was performed in accor-
dance with institutional practice at each investigational site,
and images were evaluated by a single blinded reader at the
angiographic core laboratory (Boston Clinical Research Insti-
tute, Boston, MA USA) using quantitative methods (QCA
PlusPlus, Sanders Data Systems, Palo Alto, CA USA). Angio-
graphic obstructive disease was defined as either > 50%
or > 70% reduction in luminal diameter.

Image Acquisition Protocol

Centralized quality control assessment was performed for
each PET scanner prior to use in the 301 trial. A total of nine
PET/CT scanner models from three vendors were represented
in the present substudy (Supplemental Figure 1). '®F-flurpiri-
daz PET exams were performed within a median of
2 + 28 days of ICA. PET preceded ICA in 131 (57%) of
patients in this study. All patients were instructed to fast for at
least 3 h before the imaging exam. PET imaging was
performed on qualified scanners in 2D or 3D mode with CT
attenuation correction, except one exam which utilized a
rotating transmission source for attenuation correction.
Dynamic PET acquisition at rest was initiated with intravenous
bolus injection of '*F-flurpiridaz (100 + 7 MBq) immediately
followed by a 5-10 mL saline flush. PET images were acquired
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Figure 2. Comgparison between absolute flow and flow reserve
measured by '®F-flurpiridaz PET and three established PET
flow tracers. A Patients with risk factors only (N = 131); B
CAD patients (50% stenosis, N = 100). Other tracer data are
from Table 2 of the online appendix to Ref. 37. The number of
patients contributing to established tracer data points is shown

below the graphs. Mean(est. tracers) indicates weighted
mean * pooled SD of established tracers.

Stress MBF MFR

for 15 minutes. After quality control for alignment of PET and
attenuation images,'” PET images were reconstructed with
standard PET corrections (attenuation, randoms, scatter, dead-
time, decay) without post-smoothing filter, according to
prescribed time frames (15 x 10 seconds, 5 x 30 seconds,
5 x 60 seconds, 1 x 300 seconds). Pharmacologic stress was
performed with adenosine, dipyridamole, or regadenoson
according to local practice and the respective package inserts.
At peak stress, dynamic PET image acquisition and recon-
struction was repeated with intravenous bolus injection of 'SF-
flurpiridaz (218 + 11 MBq). Static images were created by
summing the dynamic PET images after the initial 2 minutes.
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Table 2. '8F-flurpiridaz flow and flow reserve

Presence of disease N Stress MBF Rest MBF MFR

No obstructive CAD 121 2.36 + 0.66 0.81 + 0.23 3.02 £ 0.90**
1-vessel CAD 53 1.89 + 0.457 0.74 + 0.19* 2.71 + 0.85

2- or 3-vessel CAD 30 1.46 + 0.397,* 0.69 + 0.16% 2.21 £ 075"

Global left ventricular rest and stress MBF and MFR per patient stratified by presence of disease (N = 204; 50% stenosis
threshold; 27 patients were excluded with evidence of infarction on the rest PET scan)

N number of patients per subgroup, MBF, myocardial blood flow (mL/min/g); MFR, myocardial flow reserve; CAD, coronary artery
disease

P < 0.001 compared to No CAD

*P < 0.001 compared to 1-Vessel CAD

P < 0.05 compared to No CAD

**P < 0.05 compared to 1-Vessel CAD
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Figure 3. Stress flow versus stenosis severity per vessel. A'®F-flurpiridaz PET from the present
study, B 150-water PET from Ref. 38, C 13N-ammonia PET from Ref. 39, and D 82Rb PET from
Ref. 40. Solid black curves are non-parametric locally weighted least squares fits representing
average flow, and dashed red lines represent a commonly used lower limit of normal stress flow.*!
The crossing point of this lower limit with the average stress flow was between 70 and 80% stenosis
for these tracers.
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Figure 4. "8F-flurpiridaz flow and flow reserve. Per-patient
distributions of global left ventricular rest and stress MBF (A)
and MFR (B) (N= 204 patients; obstructive CAD was defined
by a 50% stenosis threshold; 27 patients were excluded with
evidence of infarction on the rest PET scan). *P < 0.05.

The time between rest and stress '*F-flurpiridaz administration
was 52 + 11 minutes and no shorter than 30 minutes.

Image Analysis

For this secondary analysis, images were processed using
Corridor4DM software version 2017 (INVIA Medical Imaging
Solutions, Ann Arbor, MI). Static PET images of the heart
were transformed to short axis orientation and left ventricular
(LV) contours representing the endo- and epicardial bound-
aries were defined semi-automatically®® and applied to each
dynamic frame. Patient motion between dynamic frames was
visually identified and manually corrected.>'

Relative Tracer Retention Polar maps of relative
tracer retention representing relative perfusion were generated
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from static PET images and normalized to peak '®F-flurpiridaz
uptake in the left ventricle. Thirty-two patients without history
of previous PCI, MI, stroke, heart failure, or acute coronary
syndrome, and without angiographic evidence of coronary
artery disease were selected for inclusion in a database to
represent normal myocardial '®F-flurpiridaz distribution. The
normal database was then used to estimate stress total
perfusion deficit (TPD)** as a measure of perfusion defect
extent and severity in all patients. Vascular territories with
evidence of infarction on the rest PET scan (moderate to severe
defect corresponding to severity > 5.5 SD using the normal
databases) were excluded because MBF and MFR may not be
reliably estimated in such regions (N = 37 territories in 27
patients).

Absolute Myocardial Blood Flow PET time-
activity curves (TACs) were automatically sampled from 460
regions in the LV myocardium. An image-derived (whole
blood) arterial input function was automatically sampled from
a 3D region of interest extending from the left atrium into the
left ventricle and centered near the mitral valve plane in each
dynamic frame.?*** Due to the lack of arterial blood samples
or validated correction models, no corrections of the input
function for metabolites and blood-binding were performed.
Residual activity on the stress scan from tracer injection at rest
was estimated and subtracted from TACs as previously
described”®'? after ensuring proper image registration of the
initial dynamic frames before arrival of the tracer bolus to the
heart. A 3 x 3 mean filter was applied to dynamic polar maps
followed by kinetic modeling using a previously described 2-
tissue-compartment (also known as 3-compartment) model that
was validated in a porcine model against microsphere flow.”®
The influx rate constant K1 was equated with flow since it is
equal to flow times extraction fraction, and previous preclinical
data demonstrated very high first-pass extraction fraction of
0.94.% Polar maps were generated of absolute flow (MBF, in
units mL/min/g) and flow reserve (MFR, stress flow divided by
rest flow) which are reported as global LV average and per
vascular territory.

Statistical Analysis

Continuous variables are reported as mean = SD unless
noted otherwise. Continuous and categorical variables were
compared by ¢ tests and y* tests, respectively. For global
analysis, patients were stratified by number of vessels with
obstructive disease, and for per-vessel analysis, vascular
territories were stratified by increasing severity of stenosis
with the lowest severity subgroups further divided based on the
presence of any remote obstructive CAD. Unadjusted receiver
operating characteristic (ROC) curves for detecting obstructive
CAD were analyzed with stress MBF or MFR and compared
using DeLong’s test.?® ROC thresholds were selected with
Youden’s index,>” and differences in sensitivity and speci-
ficity, and positive and negative predictive values were tested
with McNemar’s test?® and Leisenring’s test,”® respectively.
The incremental diagnostic value of MBF and MFR was
assessed with multivariable logistic modeling that included
patient age, sex, BMI, and pre-test likelihood of CAD as
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covariates, as well as stress TPD. Per-vessel logistic mixed
modeling with the same covariates was also performed to
account for within-patient correlations between vascular ter-
ritories. Log transformations toward normality were applied to
BMI, TPD, stress MBF and MFR.* Linearity of predictors and
presence of interaction terms were checked by modeling with
regression splines‘“ and by plotting predictor effects with
partial residuals.®> The change in discrimination after adding
stress MBF or MFR to models containing above covariates was
assessed with continuous net reclassification improvement
(NRI) and the change in concordance index (c-index).>
Multiple comparisons were performed with an adaptive two-
step procedure controlling false discovery rate at a level of
0.05.>* Two-sided P values < 0.05 were considered signifi-
cant. Statistical analysis was performed using R version 3.6.1%
and python version 3.6.5.%

RESULTS

Patient Population

A total of 755 patients were recruited for the
flurpiridaz 301 trial, of which 559 underwent pharma-
cologic stress PET. Within this subset, dynamic '®F-
flurpiridaz PET data, as provided by GE Healthcare,
were available for 276 patients from 43 clinical imaging
sites. After quality control for dynamic PET, 231 of
these PET exams (84%) were suitable for evaluation in
this post hoc flow study. Reasons for quality control
failure included: missing or corrupted dynamic images
(N = 8); missed LV first-pass during dynamic scan
(N = 12); and scaling errors in the early dynamic frames
(N = 25). Patient characteristics of the flow subgroup
are shown in Table 1, and were not significantly
different compared to the entire 301 trial population
(Supplemental Table 1). Patients with CAD (> 50%

Table 3. '8F-flurpiridaz flow and flow reserve
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stenosis) were older, predominantly men, with signifi-
cantly higher incidence of hypercholesterolemia,
diabetes, history of MI and previous PCI. Two case
examples are shown in Figure 1.

Relationship Between Stenosis Severity,
Flow, and Flow Reserve

Because reference standard flow values were not
available in this retrospective study, we compared our
flow estimates to values in the literature. Figure 2
compares 'SF-flurpiridaz flow estimates with weighted
averages of three cardiac flow tracers (13N—ammonia,
150-water, and 82Rb) from an extensive literature review
that included approximately 15,000 patients in 250
publications (see Table 2 in the online appendix to
Ref. 37). For patients with risk factors only (Figure 2A)
and patients with CAD (Figure 2B), the average agree-
ment was very good in general, although the average
"8E_flurpiridaz flow reserve for CAD patients tended to
be somewhat higher than that of other tracers likely due
to slightly lower average rest flow (Figure 2B). In
Figure 3, the relationship of stress flow to stenosis
severity is compared between '*F-flurpiridaz, '*O-wa-
ter,”® 'N-ammonia,*® and %*Rb.*° Although the data
scatter is large, the degree of stenosis at which the
average stress flow was equal to a commonly used lower
limit of normal stress flow*' was similar for all four
tracers (70-80%).

On a per-patient basis, there was a significant,
progressive decline in '®F-flurpiridaz stress flow with
increasing extent of disease (Table 2, Figure 4A). Flow
reserve exhibited a somewhat flatter response with less
dependence on disease extent, although differences
between subgroups were statistically significant

Stenosis severity N Stress MBF* Rest MBF MFR* *

0-19% (Remote < 50%) 159 2.51 + 0.80 0.86 + 0.26 3.04 + 1.00
20-49% (Remote < 50%) 222 2.24 + 0.64 0.77 + 0.221 3.03 + 0.90
0-49% (Remote > 50%) 148 1.92 + 0.49 0.73 £ 0.18"" 2.75 + 0.87
50-69% 56 1.72 + 0.52 0.68 + 0.18" 2.69 + 0.95
70-89% 28 1.51 + 0.45 0.72 + 0.16" 2.16 £ 0.70
90-100% 43 1.32 + 0.49 0.71 + 0.20" 1.97 + 0.82

Regional left ventricular rest and stress MBF and MFR per vessel stratified by stenosis severity (N= 656; 37 vessels were excluded

with evidence of infarction on the rest PET scan)

N number of vascular territories per subgroup, MBF myocardial blood flow (mL/min/g), MFR myocardial flow reserve

P < 0.01 compared to 0-19%
*P < 0.01 compared to 20-49%
P < 0.05, all pairwise comparisons

**P < 0.01, all pairwise comparisons except 0-19% vs 20-49%; 0-49% vs 50-69%; and 70-89% vs 90-100%
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Figure 5. 'SF-flurpiridaz flow and flow reserve. Per-vessel distributions of regional rest and stress
MBF (A) and MFR (B) stratified by stenosis severity (N = 656 territories; 37 vessels were excluded
with evidence of infarction on the rest PET scan). *P < 0.05. P < 0.05, all pairwise differences.

(Figure 4B). In the regional analysis, there was also a
progressive decline in stress flow with increasing
%stenosis, and again the flow reserve was less depen-
dent on %stenosis (Table 3, Figure 5). When stratified
by patient gender, rest and stress flows were signifi-
cantly higher in women than men (P < 0.05), and
within-gender differences between the first two vascular
subgroups (0-19% and 20-49%) were no longer signif-
icant (Supplemental Figure 2).

Diagnostic Performance of Flow and Flow
Reserve

In per-vessel unadjusted ROC analysis using a 50%
stenosis threshold, the c-index, sensitivity, and NPV
were significantly higher for stress flow compared with
flow reserve (0.79 vs 0.71, P < 0.001; 77 vs 62%,
P <0.001; 93 vs 89%, P <0.001) (Figure 6A,
Table 4). When a 70% stenosis threshold was used, c-
index increased for both flow and MFR but the
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Figure 6. Unadjusted ROC analysis of per-vessel CAD diag-
nosis with stress MBF or MFR. A 50% stenosis threshold and
B 70% stenosis threshold.

difference was no longer significant (0.83 vs 0.79,
P =0.0833) (Figure 6B). However, the specificity of
flow reserve was slightly higher than that of stress flow
without a significant difference in sensitivity (78 vs
74%, P = 0.016; 75 vs 80%, P = 0.248, respectively)
(Table 4).

Incremental Diagnostic Value of Flow
and Flow Reserve

Four multivariable logistic models were tested for
the detection of 70% stenosis. On a per-vessel basis, the
incremental value of adding stress TPD, MBF, and MFR
on accuracy is shown in Table 5. Both stress MBF and
TPD (Table 5, Model 3; Figure 7A) and MFR and TPD
(Table 5, Model 4; Figure 7B) were significant inde-
pendent predictors of a 70% stenosis. Models which

Moody et al 2321
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included all three variables or stress MBF and MFR
without TPD (not shown) did not significantly improve
model fit, or increase global Xz or c-index. After
adjustment for clinical covariates and TPD, the c-index
of stress MBF and of MFR were not significantly
different at 70% stenosis (Figure 7, 0.874 vs 0.869,
P = 0.658), and marginally different at 50% stenosis
(Supplemental Figure 3, 0.825 vs 0.799, P = 0.043).
Similar features were observed for per-patient models of
70% stenosis (Table 6), and 50% stenosis (Supplemental
Tables 2, 3, Supplemental Figs. 3-5). Significant inter-
actions were present in all per-vessel models between
stress MBF and TPD and between MFR and TPD, such
that the importance of low stress MBF or MFR increased
with larger and more severe defects (Figure 8, Supple-
mental Figure 6). There was no statistical evidence of
non-linearity for either MBF or MFR. Overall NRI
(Table 7) ranged from 0.219 to 0.559 and was signif-
icantly greater than zero (P < 0.05) in all but one model
(MFR, per patient with 70% threshold, Supplemental
Table 4). The improvement in c-index after adding
stress MBF or MFR to per-vessel base models plus TPD
ranged from 0.006 to 0.043, and was significant for
stress MBF at 50% stenosis threshold (P < 0.05)
(Table 7).

DISCUSSION

The results of this retrospective analysis of 276
patients from the multicenter flurpiridaz 301 trial
demonstrate that global and regional '®F-flurpiridaz
absolute flow and flow reserve may provide incremental
diagnostic value for detecting obstructive CAD. Previ-
ous studies have shown similar results for absolute MBF
and MFR derived from 13N—ammonia,“’13 82Rb,16’17
and ""O-water '*'> cardiac PET. All of these were
single-center studies except that of Danad et al."> which
included three highly experienced academic PET cen-
ters. Importantly, the present multicenter study included
PET data acquired at 43 clinical sites, including many
smaller non-academic outpatient imaging centers, and
used nine different PET/CT scanner models from three
vendors (Supplemental Figure 1), supporting method-
ologic robustness in clinical practice.

Diagnostic Value of Stress MBF and MFR

In ROC analysis (Figure 6, Table 4), stress MBF
provided more accurate detection of CAD than MFR,
although this comparison was not adjusted for clinical
covariates known to be associated with increased like-
lihood of CAD. In our study population, patients with
obstructive CAD were more likely to be men and those
greater than 60 y of age. In addition, both age and sex
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Table 4. Unadjusted diagnostic performance of I8F_flurpiridaz stress MBF and MFR for detecting

angiographic CAD (see Figure 6)

Sensitivity Specificity PPV NPV

50% stenosis, per patient

Stress MBF 73 75* 67* 81

MFR 72 59 55 76
50% stenosis, per vessel

Stress MBF 77" 74 41 93"

MFR 62 75 37 89
70% stenosis, per patient

Stress MBF 77 76 52 91

MFR 63 72 44 85
70% stenosis, per vessel

Stress MBF 80 74 27 97

MFR 75 78* 29 96

P < 0.001, stress MBF compared to MFR
*P < 0.05, stress MBF compared to MFR

were more strongly correlated with stress MBF than
MFR (multiple R? 0.272 vs 0.029, both P < 0.0001)
such that women and younger patients had significantly
higher stress MBF. Thus, without adjustment for age and
sex, stress MBF would appear to have a diagnostic
advantage over MFR based largely on patient demo-
graphics. After adjusting for these covariates in our
logistic models, stress MBF and MFR performed sim-
ilarly in terms of overall c-index (0.874 vs 0.869,
P =0.658) (Figure 7; see also Supplemental Figs. 3-5).

In contrast, MFR in the context of prognostic
assessment has consistently been a stronger predictor of
cardiovascular mortality than stress MBF when adjusted
for age, sex, LV ejection fraction, and the extent and
severity of ischemia and scar*** (see also Ref. 44
which did not meet these conditions). In this case, MFR
can be reduced by additional factors not directly related
to likelihood of obstructive epicardial CAD, such as
resting hyperemia due to increased rate-pressure pro-
duct, decreased myocardial efficiency, or autonomic
dysfunction.*"*°

Anatomical assessment by ICA correlates poorly
with the hemodynamic functional significance of epi-
cardial stenosis.*' Recent studies'*'> that have defined
functional significance by invasive fractional flow
reserve (FFR) have tended to report higher unadjusted
diagnostic accuracy for stress MBF and MFR (e.g., c-
index from 0.84 to 0.94) than the present study (c-index
from 0.71 to 0.83, Figure 6). This may reflect the
limitations of using solely an anatomical definition of
obstructive CAD (as in the present study), as opposed to
more contemporary functional definitions.”’

Comparison with Established Flow Tracers

The comparison of '®F-flurpiridaz with other tracers
illustrates two important points about flow variability and
abnormal thresholds. First, for a given tracer, stress flow
is widely scattered, particularly for non-obstructive
stenoses < 50% (Figure 3). This variability is due to
physiological differences in the integrated tissue response
to hyperemia as measured by PET, which may be affected
by patient age,*” sex,*®*’ variations in pharmacologic
vasodilation responsiveness,”® and varying degrees of
subclinical atherosclerosis and microvascular dysfunc-
tion.”>” Flow variability between tracers (Figure 2) arises
from well-known physical differences in tracer charac-
teristics. The first-pass extraction fraction of '>O-water,
which is freely diffusible, is independent of flow, whereas
that of retained tracers typically decreases non-linearly
with increasing flow.”® Although established tracers have
often been validated against microspheres or '>O-water
flow in carefully controlled animal studies (see®® for
references), most flow models of retained tracers require
empirical extraction correction which may introduce
characteristic flow differences when applied to clinical
patient populations.” Such absolute flow differences are
most noticeable under hyperemic conditions and are
progressively less important under resting or low flow
conditions (Figure 2).

Second, the stress MBF threshold of 1.5 mL/min/g
shown in the figures has been recommended as a lower
limit of ‘‘definitely abnormal’’ flow, but is not intended
to represent an optimal threshold of obstructive CAD
common to all flow tracers.*’ While this threshold
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Figure 7. Adjusted ROC analysis of per-vessel CAD diagno-
sis (70% stenosis threshold) with stress MBF (A) (Table 5) and
MFR (B) (Table 6). Base models included patient age, sex,
BMI, and pre-test likelihood of CAD. Figure legends indicate
c-index values for each nested model.

indicates a similar average stenosis severity (70-80%),
there is considerable scatter around this average behav-
ior for all four tracers (Figure 3). Optimal thresholds of
significant CAD will generally vary according to tracer
characteristics, kinetic modeling methodology (e.g.,
Supplemental Figure 7), and the definition of obstruc-
tive CAD.*' For example, stress MBF thresholds of
1.86,7%2.30," and 2.50"*** have recently been proposed
for '>O-water, depending on the choice of stenosis
threshold, methodologic variations, and whether the

Journal of Nuclear Cardiology®
September/October 2021

definition of obstructive CAD included functional
assessment by FFR.

Although '8F-flurpiridaz stress flow in this study
followed an inverse relationship with stenosis severity
that was similar to other tracers,3840 we also observed
significantly higher rest flow in the lowest severity
subgroup (0-19% stenosis) compared to the other
subgroups (Figure 5A) which seems to conflict with
previous findings.*®**’ This may be a consequence of
significantly higher rest flow in women compared to
men in the present study (Supplemental Figure 2), and
the fact that women contributed nearly two-thirds (100/
159) of vessels in the lowest subgroup, but just 21%
(102/497) in all other subgroups combined. Similarly,
stress flow was significantly higher in women compared
to men in the 3 least severe subgroups, although the
corresponding flow reserves did not differ significantly
(Supplemental Figure 2), in agreement with previous
15 O-water,49 13N-ammonia,48 and ¥Rb***® PET studies.

18F_flurpiridaz Kinetic Model

In this study, we used a 2-tissue-compartment
kinetic model previously validated for 'SF-flurpiridaz
against microsphere flow in pigs.”® A prior single-center
study of 15 patients,'” which used a novel kinetic model
without validation, reported flow estimates generally
similar to ours (Table 8), although both studies lacked
reference standard flow measurements.

The accuracy of '®F-flurpiridaz flow measurement
can potentially be affected by several factors. Substan-
tial residual activity was present during the stress scan
which followed the rest scan by 52 + 11 minutes (ap-
proximately 0.5 x '®F half-life). Similar '®F-flurpiridaz
protocols have been reported in previous human and
animal studies.”®'® Stress flow accuracy depends on
correcting this residual activity, and these studies have
used the simplest approach of estimating residual
activity in the early dynamic frames before tracer arrival
to the left ventricle and direct subtraction of this
estimate from the time-activity curves. Although
straightforward, this residual correction can be adversely
affected by patient motion and poor count density in the
early frames, and more sophisticated modeling approa-
ches have been proposed.’

Another important factor is the use of an image-
derived whole blood arterial input function which
assumes rapid tracer equilibration between plasma and
red blood cells with negligible blood-binding or tracer
metabolism. However, in previous '®F-flurpiridaz ani-
mal studies, Guehl et al.” described a blood-binding
correction of the input function, while other authors
have discussed the potential need for metabolite correc-
tion.”'® Without correction, either of these processes
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Figure 8. Per-vessel interactions for the logistic models in Table 5 (70% stenosis threshold). A
Model 3, between stress MBF (left) and TPD (right); and B Model 4, between MFR (left) and TPD
(right).
could cause overestimation of the plasma input function, STUDY LIMITATIONS

which in turn would result in flow underestimation. In
fact, Nekolla et al.” observed a modest underestimation
of flow without metabolite correction, particularly in
ischemic regions, while Guehl et al.® did not observe any
bias after blood-binding correction. Although these
factors have yet to be fully characterized in humans,
our results seem to indicate that their contribution to
flow variations is relatively minor.

This study had several limitations. First, only about
half (276/559) of the pharmacologic stress PET data sets
acquired in the 301 trial were available for analysis. This
limited the number of available diseased vessels in
women (Supplemental Figure 2), and likely limited the
statistical power of ROC analysis and logistic regression
modeling. Second, detailed anatomical information
beyond stenosis severity from invasive coronary angiog-
raphy was not available, precluding assessment of
coronary dominance which could confound the evalu-
ation of left circumflex and right coronary artery
territories. Third, the acquisition protocol in the 301
trial was suboptimal for estimating residual activity in
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Table 7. Continuous net reclassification improvement (NRI) of logistic regression models of CAD
detection after including stress MBF or MFR

Covariate added

to Base + TPD A c-
model Overall NRI NRI (CAD) NRI (no CAD) index
50% stenosis
Stress MBF, per 0.5591[0.279, 0.830] 0.25371[0.041, 0.459] 0.3067 [0.134, 0.479] 0.021
patient
Stress MBF, per 0.412%[0.236, 0.573] 0.43371[0.285,0.583] — 0.021 [- 0.104, 0.063] 0.0437
vessel

MFR, per patient
MEFR, per vessel
70% stenosis

Stress MBF, per
patient

Stress MBF, per
vessel

MFR, per patient
MFR, per vessel

0.288 [0.015, 0.556]
0.34271[0.142, 0.535]

0.181 [- 0.034, 0.387]
0.1811 [0.008, 0.354]

0.107 [- 0.069, 0.280] 0.003
0.1617 [0.074, 0.250] 0.017
0.4131[0.104, 0.715]

0.308% [0.041, 0.560] 0.105 [ 0.052, 0.267] 0.018

0.2867 [0.029, 0.503] 0.3801[0.139, 0.583] — 0.094f[- 0.178, — 0.008] 0.011
0.219 [- 0.099, 0.523] 0.192 [- 0.083, 0.461]

0.28571 [0.037, 0.532] 0.099 [- 0.141, 0.333]

0.026 [~ 0.134, 0.187] 0.004
0.1867 [0.104, 0.266] 0.006

Base models included patient age, sex, BMI, and pre-test likelihood of CAD. NRI(CAD) and NRI(no CAD) indicate NRI estimates
for patients with and without angiographic (obstructive) CAD, respectively, and overall NRI is their sum. Bracketed intervals are
bootstrap 95% confidence intervals. A c-index indicates the change in c-index after adding stress MBF or MFR to the Base + TPD
model

1P < 0.05, testing the null hypotheses NRI = O or A c-index = 0

Table 8. Comparison of '®F-flurpiridaz flow and flow reserve per vessel in patients

Patients N Stress MBF Rest MBF MIFR
Packard et al.'®
Low likelihood patientst 21 2.55 + 0.54 0.73 £ 0.14 3.73 + 0.57
CAD patients (< 50% stenosis) 12 2.02 £ 0.40 0.73 + 0.09 297 £+ 0.76
CAD patients (> 50% stenosis) 12 1.43 + 0.31 0.86 + 0.21 1.86 + 0.59
Current study
Patients without CAD 381 2.35+0.71 0.81 £ 0.24 3.03£094
CAD patients (< 50% stenosis) 148 1.92 + 0.49 0.68 £ 0.18 2.69 + 0.95
CAD patients (> 50% stenosis) 127 1.54 + 0.50 0.70 £ 0.18 2.33 £+ 0.86

N number of vascular territories per subgroup, MBF myocardial blood flow (mL/min/g), MFR myocardial flow reserve, CAD

coronary artery disease

"Low likelihood values shown here are weighted averages of per-vessel values in Table 1 of ref 10

the stress images which, in many cases, consisted of a
single 10-second frame. The residual correction could be
improved by acquiring at least 30 seconds of list-mode
data prior to initiating pharmacologic stress and tracer
administration. Fourth, as mentioned previously, the
study lacked reference standard flow measurements
which will be necessary in the future to validate

appropriate '®F-flurpiridaz kinetic models in humans.
Finally, the 32 low-risk patients used to define normal
databases of myocardial '*F-flurpiridaz retention were
also included in the multivariable logistic regression
models, which could potentially overstate the perfor-
mance of TPD in these models compared to using an
externally defined normal database. However, the
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magnitude of such an effect is small, and would not
affect our conclusions regarding the performance MBF
or MFR (see Supplemental Table 4).

CONCLUSION

We have characterized '*F-flurpiridaz flow and flow
reserve in a large multicenter patient population with
invasive coronary angiographic correlates. Both stress
flow and flow reserve per vessel were inversely related
to stenosis severity, generally agreed with average
values from the extensive literature on other flow
tracers, and added incremental diagnostic value beyond
clinical characteristics and relative perfusion analysis.
'"8E_flurpiridaz PET shows promise for routine applica-
tion of clinical flow quantification.

NEW KNOWLEDGE GAINED

"8E_flurpiridaz is an investigational radiotracer for
PET myocardial perfusion. Using data from the inter-
national multicenter phase 3 flurpiridaz 301 trial, we
report the first study demonstrating the added diagnostic
value of absolute myocardial blood flow (MBF) and
flow reserve (MFR) beyond traditional relative perfusion
imaging. We show that both stress MBF and MFR
meaningfully improve non-invasive diagnosis of
obstructive coronary disease identified on invasive
coronary angiography.
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