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SPECT Myocardial Perfusion Reserve in Patients with
Multivessel Coronary Disease: Correlation with Angiographic
Findings and Invasive Fractional Flow Reserve Measurements
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Quantification of myocardial perfusion reserve (MPR) is an emerging
topic in nuclear cardiology with an expected diagnostic and
prognostic incremental value, especially for patients with severe
coronary artery disease. The advent of new dedicated solid-state
cameras has opened new perspectives for perfusion quantitation in
SPECT. We appraised the feasibility of perfusion reserve estimation
using a cadmium zinc telluride camera in a cohort of multivessel
patients and its pertinence with respect to angiographic data.
Methods: Twenty-three patients with known multivessel coronary
artery disease were prospectively enrolled. Dynamic SPECT acquisi-
tions using ®°mTc-tetrofosmin at rest and after vasodilator stress
were performed using a dedicated cadmium zinc telluride camera.
Reconstructed frames were automatically segmented to extract
the vascular input function and the myocardial uptake curve. One-
compartment kinetic modeling was used to estimate global and
regional uptake values, and then myocardial blood flow was derived
using the Renkin—Crone equation. Global and regional MPR was as-
sessed using flow difference (stress - rest) and flow ratio (stress/rest).
All patients underwent control coronary angiography within 4 wk,
which served as the reference for MPR index assessment. Relevant
angiographic findings included maximal stenosis and (for a sub-
group of 26 vessels) invasive measurement of fractional flow reserve
(FFR). A stenosis was considered obstructive if greater than 50%
and an FFR abnormal if lower than 0.8. Results: Global MPR cor-
related well with number of obstructed vessels (P < 0.001). After
multivariate analysis, both regional flow ratio and flow difference
were significantly associated with maximal stenosis (P < 0.001)
and FFR (P < 0.001). Regional MPR indices were significantly dif-
ferent in obstructed and nonobstructed vessels (P < 0.001) and in
vessels with normal and abnormal FFR (P < 0.001). With a cutoff of
2, the sensitivity, specificity, and accuracy of regional flow ratio
were, respectively, 80%, 85%, and 81% for the detection of
obstructed vessels and 89%, 82%, and 85% for the detection of
abnormal FFR. Conclusion: Scintigraphic estimations of global and
regional MPR in multivessel patients using a cadmium zinc telluride
camera appear to correlate well with invasive angiographic findings,
including maximal stenosis and FFR measurements.
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Because of its wide availability, noninvasiveness, and high diag-
nostic performance, myocardial perfusion imaging (MPI) using
SPECT has become of common practice for coronary artery disease
(CAD) screening, characterization, and follow-up (/,2). The standard
semiquantitative approach based on the analysis of reversible perfu-
sion defects between stress and rest images has excellent sensitivity
and negative predictive value for ischemic lesion detection (3). How-
ever, because of the relative nature of the reconstructed activity maps,
this approach may underestimate the extent of the disease, particularly
in patients with balanced multivessel CAD (4,5). Quantitative perfu-
sion assessment in terms of myocardial flow or myocardial perfusion
reserve (MPR), a measure of coronary vasodilator capacity (6), has
already been developed using cardiac PET with various tracers such
as 8?Rb (7) and shown to provide incremental diagnostic and prog-
nostic information (8-10). Still, since PET tracer production re-
quires high start-up costs, PET flow imaging has not been embraced
by many health care systems to date, and SPECT with *°™Tc-labeled
tracers remains the clinical standard for MPI worldwide. SPECT
perfusion quantitation has long been hampered by the difficulty of
achieving dynamic acquisitions using classic Anger cameras. With
the advent of novel solid-state detectors with improved sensitivity
(11,12) allowing list-mode recording and multiframe dynamic re-
constructions with sufficient temporal resolution, MPR estimation
has become feasible (/3). Recent results reported a good correlation
between global MPR and CAD severity expressed as stress total
perfusion deficit (TPD). Global and regional MPR were also pre-
dictive of the extent of CAD as assessed angiographically (/4).

Invasive fractional flow reserve (FFR) measurement is per-
formed during coronary catheterization using a pressure sensor
and is defined as the ratio of hyperemic pressure downstream from
the lesion to mean aortic pressure. FFR is an index of the
functional significance of a coronary stenosis and has been shown
to improve outcome when considered to guide revascularization in
patients with multivessel CAD (/5,16).
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FIGURE 1. Myocardial perfusion SPECT workflow.

The aim of the present study was to evaluate the feasibility of
MPR estimation in routine clinical settings using a cadmium zinc
telluride camera in a cohort of multivessel patients and to assess
its pertinence with respect to the results of coronary angiography
in terms of maximal stenosis and FFR.

MATERIALS AND METHODS

Study Population

The study was conducted from January 2014 to March 2015 at
Montpellier University Hospital, France. It was designed as an ancillary
study to the FUTURE cohort evaluating the place of FFR measurements
in therapeutic decision making. Twenty-three patients were prospec-
tively enrolled and included in the analysis. All patients had been
diagnosed with multivessel CAD during a scheduled coronary angiog-
raphy 2 d to 6 wk before MPI and were referred to the nuclear medicine
department for assessment of myocardial ischemia before revascular-
ization. The study was approved by the local ethics committee. All
procedures were in accordance with institutional guidelines, and
a requirement for individual informed consent was waived. The clinical
and anthropomorphic characteristics documented using the patient’s
record were sex, age, body mass index, and cardiovascular risk factors

TABLE 1
Clinical and SPECT Characteristics of Study Population
(n = 23)
Characteristic Value

Sex

Male 19 (83%)

Female 4 (17%)
Age (y) 66 + 12
Cardiovascular risk factors

Diabetes 4 (17%)

Hypertension 7 (30%)

Dyslipidemia 12 (52%)

Cigarette smoking 12 (52%)
Body mass index (kg-m~2) 26 + 4
Previous myocardial infarction 7 (30%)
Familial CAD disease history 2 (9%)
Number of cardiovascular risk factors 25+1.5
SPECT data

Normal examination 2 (9%)

Global stress TPD (%) 14 £10

Stress ejection fraction (%) 47 £ 11

BMI = body mass index.
Continuous values are mean * SD.
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GE Healthcare). They refrained from caffeine-
and methylxanthine-containing substances and
drugs for at least 24 h before their scans. All
patients underwent a 1-d rest—stress protocol.
MPI was performed at rest and at peak vasodilator stress using **™Tc-
tetrofosmin (Fig. 1). To enable positioning of the heart in the field of
view, a test dose of ?™Tc-tetrofosmin (35-60 MBq) was first injected at
rest for a prescan of 60 s. Concomitant with intravenous bolus admin-
istration of the resting **™Tc-tetrofosmin dose (185-220 MBq), a list-
mode acquisition was started for 6 min. With the patient positioned in
the scanner, pharmacologic stress was then induced using a 0.75 mg/kg
intravenous infusion of dipyridamole over 4 min (/7). At peak vasodi-
lation, a second dose of **™Tc-tetrofosmin (645-730 MBq) was injected
and 6 min of list-mode data recording was started at the time of in-
jection. The average effective dose per patient was 8.4 mSv (/8).

MPR Quantification

List-mode dynamic acquisition data were reformatted and reconstructed
into 48 frames. The frame duration was 3 s for the first 30 frames and 15 s
for the last 18 frames (Supplemental Fig. 1; supplemental materials are
available at http://jnm.snmjournals.org). Images were reconstructed using
maximum a posteriori expectation maximization (/9) following the man-
ufacturer specifications (30 iterations, a = 3 = 0.4, Butterworth postpro-
cessing filter with order of 10 and cutoff frequency of 0.4/cm), without
correcting for attenuation or scatter. Rest and stress reconstructed images
were processed using in-house software (Supplemental Fig. 2). The myo-
cardial region of interest was automatically segmented on the summed
image corresponding to the last 4 min. An ellipsoid was fitted to the
myocardial wall and then adaptively dilated with a spheric structuring
element of radius 5 mm. The valve plane was manually adjusted. The
voxels inside the ellipsoid and above the valve plane but outside the myo-
cardial region of interest (ROI) were assigned to the vascular (left ventric-
ular) ROI, whose time-activity curve served as the input function in
kinetic analysis. Residual activities from the positioning dose (on rest
images) and rest injection (on stress images) were corrected using the
early images before the first pass of the tracer bolus. The global myocar-
dial ROI was divided into 3 regional ROIs corresponding to main coronary
territories (left anterior descending coronary artery, right coronary artery,
and left circumflex coronary artery), using the standard 17-segment polar
map (20). Regional and global time—activity curves were fitted to a kinetic
model using a weighted linear least-squares method to estimate tracer
exchange rates and spill-over coefficients. A 1-compartment model was
implemented that takes into account tracer uptake (K;) and washout. Re-
gional and global myocardial flows were derived from the corresponding
K, values using the Renkin—Crone equation for tetrofosmin (21,22).

To minimize potential bias arising from differential photon attenuation
between vascular and myocardial activities, an original technique was
implemented for the normalization of rest and stress arterial input
functions (AIFs). The rest AIF was normalized so that the global rest
flow was equal to 1 mL-g~!-min~!, which is easily achievable because
multiplying the vascular time—activity curve by a constant amounts to
dividing K; by the same constant. The assumption seems acceptable
because rest flow is not expected to vary much from one individual to
another and 1 mL-g~!-min™" is a commonly accepted reference value in
the elderly (/0,23-25). The stress AIF was normalized using the same
normalization coefficient as the rest AIF, postulating that the degrading
factors were similar under rest and stress conditions. Myocardial flows
were also computed using the standard approach without normalization.
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TABLE 2
Global and Regional Kinetic Parameters and MPR Indices

Parameter Global (n = 23) Regional (n = 69)
Rest K; (min~") 0.25 0.24 + 0.04
Stress Ky (min~) 0.32 + 0.04 0.32 + 0.07
K ratio 1.31 £ 0.18 1.31 £ 0.20
Rest flow (mL-g~'-min~") 1.00 1.00 + 0.38
Stress flow (mL-g~"-min~") 1.96 + 0.57 1.92 + 0.87
Flow difference (mL-g='-min") 0.96 + 0.57 0.93 + 0.69
Flow ratio 1.96 + 0.57 1.97 £ 0.67

Data are mean + SD.

MPR was assessed using 2 indices: flow difference (stress flow —
rest flow, in mL-g~!min™!) and flow ratio (stress flow/rest flow,
dimensionless). Cutoff values were set at 2 for normal flow ratio (/0)
and 1 mL-g~"min~! for normal flow difference. Standard semiquanti-
tative analysis was also performed using QPS/QGS software based on
a late stationary image corresponding to the last 4 min of the dynamic
acquisition (20). Global and regional TPD, reflecting the extent and
severity of the perfusion defect, was computed. A global TPD score
of 5% or greater was defined as abnormal, and fixed defects were de-
fined as a global TPD stress — TPD rest score of 3% or less. Left
ventricular ejection fractions and end-diastolic volumes at stress were
also computed. All the scintigraphic images were processed and inter-
preted blind to the angiographic data.

Reference Coronary Angiography

All patients underwent control coronary angiography within 4 wk
(5 £ 8 d) after MPI, which was considered the reference examination
for further assessment of MPR estimations. Each of the 3 coronary
vessels was characterized by maximal stenosis (0% = free; 25%
nonsignificant; 50% = intermediary; 60% = significant; 80% = very
tight; 95% = subocclusive; 100% = occlusive). A vessel was consid-
ered obstructed if its maximal stenosis was strictly greater than 50%.
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FIGURE 2. Correlation between global flow ratio and number of
obstructed vessels.
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For 12 patients (determined by randomization inside the FUTURE
cohort) and 26 vessels, invasive FFR measurements were performed as
follows. A guidewire with a mounted pressure sensor (St. Jude Medical)
was placed across the lesion. To induce a maximal hyperemic
vascular response, 1 mg of isosorbide dinitrate and 150 g of adeno-
sine were injected into the studied artery. Under conditions of maxi-
mum hyperemia, aortic pressure and distal coronary pressure were
simultaneously recorded. FFR was calculated as the ratio of hyper-
emic mean distal coronary pressure to mean aortic pressure. An FFR
lower than 0.8 was considered abnormal (/5,16).

Statistical Analysis

Continuous values are given as mean * SD and eventually as median
followed by interquartile range in brackets for the sake of comparison
with previous studies. Categoric variables are described as number fol-
lowed by percentage in parentheses. Correlation between quantitative
variables was assessed using the Pearson coefficient and the Student
¢ test. Independent distributions were compared using the Mann—Witney
U test. A 2-sided P value smaller than 0.05 was regarded as statistically
significant. To evaluate the independent predictors of MPR indices,
forward-stepwise linear regression was performed with an entry criterion
of P < 0.1 and a removal criterion of P > 0.05. The tested predictors
were the number of obstructed vessels (for global MPR), maximal ste-
nosis or FFR (for regional MPR), age, sex, body mass index, number of
cardiovascular risk factors, stress TPD, stress LVEF, and stress EDV.

The intrainterpreter reliability was assessed using type 1 intraclass
correlation coefficients, which were 94% for global MPR indices and
92% for regional MPR indices.

RESULTS

The clinical and anthropometric characteristics of the study
population and the results of the semiquantitative analysis of SPECT
data are summarized in Table 1. The results of standard semiquantita-
tive analysis were abnormal in 21 (91%), with 10 (43%) having re-
versible perfusion defects and 11 (48%) having fixed perfusion defects.

Global and regional kinetic parameters, myocardial blood flow,
and perfusion reserve estimates resulting from the processing of the
dynamic SPECT images are detailed in Table 2. The corrective factor
for the normalization of the AIFs amounted to 1.49 = 0.35 (range,
1.00-2.40). Mean rest and stress flows amounted, respectively, to
2.58 and 4.01 mL-g~"'min~! using the standard approach and 1
and 1.96 mL-g~!'min~! using the normalization technique de-
scribed above. The sequel of this section focuses on the results
obtained using the AIF normalization technique. The results
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accuracy was, respectively, 80%, 85%,
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FIGURE 3. Correlation between regional MPR indices and maximal stenosis.

obtained using the conventional approach (without normaliza-
tion) are not detailed for the sake of concision. Their pertinence
in terms of correlation with angiographic findings was highly
similar.

Multivariate regression analysis revealed that the number of
obstructed vessels was the sole significant predictor for global
MPR (r = 0.70; P < 0.001) (Fig. 2). Furthermore, flow ratio was
significantly reduced in patients with (n = 9) 3-vessel CAD com-
pared with those without (n = 14) 3-vessel CAD (1.57 £ 0.41 vs.
2.17 £ 0.50; P = 0.01) whereas stress global TPD and left ven-
tricular ejection fraction were not.

Regional MPR indices were first compared with angiographic
findings in terms of maximal stenosis. Multivariate regression
analysis showed a statistically significant association of both flow
difference and flow ratio with age (P = 0.02). Sex, body mass
index, stress TPD, left ventricular ejection fraction, and end-
diastolic volume were not significant predictors. The correlation
with maximal stenosis (Fig. 3 and Supplemental Fig. 3) was
highly significant for both flow ratio (»r = 0.51; adjusted P <
0.001) and flow difference (r = 0.47; adjusted P < 0.001).
Regional MPR indices were significantly lower in obstructed
(n = 49) vessels than in nonobstructed (n = 20) vessels (Fig.
4), both in terms of flow difference (0.71 £ 0.54 vs. 1.40 =
0.71 mL-g~"min~!; P < 0.001) and flow ratio (1.72 = 0.52 vs.
2.51 = 0.66; P < 0.001). Flow ratio was a slightly better predic-
tor of vessel obstruction than flow difference according to the
respective c-statistics (i.e., area under the receiver-operating-
characteristic curve [ROC AUC]) of 0.85 and 0.78. By compar-
ison, the ROC AUC of regional stress TPD was 0.55. The
diagnostic performance in terms of sensitivity, specificity, and

plemental Fig. 4) both in terms of flow ratio
(r = 0.73; adjusted P < 0.001) and in terms
of flow difference (» = 0.69; adjusted P <
0.001). Regional MPR indices were signif-
icantly lower in vessels with abnormal (z = 10) FFR than in vessels
with normal (n = 16) FFR (Fig. 6), both in terms of flow difference
(041 = 047 vs. 145 = 052 mL-g~"min~!; P < 0.001) and in
terms of flow ratio (1.48 = 0.37 vs. 2.49 *= 0.58; P < 0.001). Flow
ratio was a slightly better predictor of FFR alteration than flow dif-
ference (ROC AUC, 0.97 vs. 0.92). The diagnostic performance in
terms of sensitivity, specificity, and accuracy was, respectively, 89%,
82%, and 85% for flow ratio with a cutoff of 2, and 89%, 76%, and
81% for flow difference with a cutoff of 1 mL-g~!min~—".

DISCUSSION

In this paper, we demonstrated the feasibility of myocardial
perfusion quantitation using a novel semiconductor dedicated
SPECT camera, the automated extraction of vascular and myo-
cardial time—activity curves, and full compartmental modeling of
tracer kinetics. To our knowledge, this is the first study assessing
the pertinence of MPR estimations with regard to angiographic
findings in terms of both maximal vessel stenosis and FFR. We
also proposed a simple method for AIF normalization based on
a priori knowledge regarding normal rest flow in an elderly pop-
ulation, to compensate for the differential photon attenuation be-
tween myocardial and vascular ROIs. The normalization tech-
nique efficiently constrained absolute myocardial flows to
physiologic values (1 mL-g~"min~! at rest, 2-3 mL-g~!-min~!
at stress), hence allowing us to rely on established cutoffs for flow
ratio and flow difference interpretation.

The acquisition workflow was compatible with routine practice
and remained consistent with clinical guidelines since it allowed
for both conventional and quantitative MPI while keeping constant
the protocol duration (~20 min) and the
radiation exposure (<9 mSv). Although
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quantitative perfusion protocols using clas-
sic Anger cameras have recently been de-
scribed and validated (26,27), state-of-the-
art dedicated cardiac cameras, for which
clinical performance has clearly been dem-
onstrated (28-30), appear as the natural
tool for the development of steady myocar-
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FIGURE 4. Regional MPR indices in obstructed vessels (n = 49) and nonobstructed vessels
(n = 20). On right are ROC curves (circles stand for optimal cutoffs). Boxes = interquartile range;

whiskers = mean + 1.5 SDs.
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ability has not been tested but is expected to
be moderate since the only steps requiring
manual adjustment were the reorientation of
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consistent with those of Klein et al. (27) re-
garding patients with known or suspected
CAD, in terms of mean blood flow (1.82
mL-g~!min~!) and K; ratio (1.17 [0.96
1.48]). Of note, our mean rest and stress
K, values (respectively, 0.25 and 0.32) were

in close agreement with the recent results of
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FIGURE 5. Correlation between regional MPR indices and invasive FFR measurements.

the reconstructed slices into canonic axes and the positioning of the
valve plane to delimit the basis of the myocardium and left
ventricular cavity. Besides, as already pointed out by Murthy et al.
(10), most of the variability in kinetic parameter estimation is linked
to the definition of the vascular input function. Preliminary experi-
ments that we have performed using various semiautomated ROI
approaches for the extraction of AIF have confirmed this observation
and led us to implement the robust normalization method described
above. Using a linear attenuation coefficient in water of 0.16 cm™!
for 140-keV photons, the normalization factors can be considered to
account for an additional attenuation of the vascular signal correspond-
ing to 2.3 = 1.4 cm, consistent with basic anatomic considerations.
The results obtained using our methodology in terms of stress flow
and flow reserve were consistent with the many reference values
available in the literature. As expectable, mean stress flow in our
population (1.96 mL-g~!-min~!) was lower than the previously
reported values of about 2.8-3.4 mL-g~'min~! measured using
82Rb PET in healthy volunteers (7,25), and MPR was reduced ac-
cordingly (1.96 vs. 3.5-4.2). In the study by Lortie et al. (7) com-
paring MPR estimation with 3NH; and 8?Rb PET, the mean stress
flow in CAD patients was around 2 mL-g~!-min~! with a flow ratio
of around 2.4, which is close to our values albeit slightly higher
likely because of a lesser prevalence of severe CAD. In the case of
SPECT imaging, K, ratio has sometimes been used as a surrogate for
MPR characterization. In our study, the global K; ratio was 1.30
[1.15 1.41], which is comparable to global K; ratios of 1.46 [1.22
1.79] measured in the cohort studied by Ben-Haim et al. (/4). The
highest median and wider interquartile range is easily explained by
the higher variety of the study population in terms of CAD severity
and the lower prevalence of severe CAD. Our results were also

Our results showed a clear correlation
between the MPR indices and the extent
and severity of coronary disease. First, global
MPR was significantly associated with the
extent of CAD in terms of number of obstructed vessels, and global
MPR was significantly reduced in patients with 3-vessel disease
compared with patients without 3-vessel disease (1.57 vs. 2.17 for
flow ratio, and trivially 0.57 vs. 1.17 mL-g~!-min~! for flow differ-
ence). These values were quite close to those already obtained by
Ziadi et al. (8) using #2Rb perfusion PET for the detection of 3-vessel
disease (1.3 vs. 2.2 for flow ratio, and 0.3 vs. 1.0 mL-g~!min~! for
flow difference). Second, regional MPR was significantly associated
with both anatomic (maximal stenosis) and functional (FFR) severity
of CAD on a per-vessel basis. As expected, regional MPR indices
(flow ratio and difference) allowed efficient discrimination between
normal and pathologic vessels, from both an anatomic and a functional
point of view. As appreciable from the ROC AUCs, flow ratio was
a slightly better predictor of obstructive CAD than flow difference,
with fairly good diagnostic performance in terms of sensitivity and
specificity using the commonly applied cutoff of 2 (8,10,31,32). The
incremental diagnostic information over classic semiquantitative pro-
cessing clearly appears on the ROC AUC in Figure 4. The c-statistics
derived here (0.85 for regional flow ratio vs. 0.55 for regional stress
TPD in the detection of obstructive stenosis) were in agreement
with previously reported values. In the study of Hsu et al. (26), the
c-statistics of regional flow ratio and summed stress score for the
detection of obstructive stenosis were, respectively, 0.81 and 0.62.
In the study of Ziadi et al. (8), the c-statistics of global MPR and
summed stress score for the detection of 3-vessel disease were, re-
spectively, 0.82 and 0.68.

The main original contribution of the present paper lies in the
assessment of scintigraphic flow reserve estimations with com-
parison to invasive flow reserve measurements, for which
pertinence to patient workup and risk stratification has already been
established (15,16). Previous studies demon-
strated moderate adequacy between classic
semiquantitative SPECT perfusion analysis
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and FFR (33-35). Classic MPI mostly
2 underestimated the extent and severity of
CAD (33), with a subsequent fall in sensi-
tivity to around 60%—-65% (specificity, 80%)
on a per-vessel basis (34,35), to be com-
pared with the 90% (specificity, 80%)
obtained here using fully quantitative mod-
eling. The preliminary results presented here
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(Figs. 5 and 6) on a relatively small sample
of measures require further confirmation in
a larger cohort with long-term follow-up but

seem to indicate close agreement between

FIGURE 6. Regional MPR indices in normal (n = 16) and abnormal (n = 9) vessels in terms of
FFR. On right are ROC curves (circles stand for optimal cutoffs). Boxes = interquartile range;

whiskers = mean + 1.5 SDs.
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the invasive and noninvasive indicators of
the functional burden characterizing a coro-
nary artery stenosis.
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CONCLUSION

We have described a method to estimate myocardial flow
reserve using dynamic SPECT images from a solid-state dedicated
camera. The acquisition workflow was compatible with routine
practice and consistent with current clinical guidelines for MPI.
The results in terms of myocardial stress blood flow and flow
reserve agreed with the recent literature related to PET and SPECT
MPR. Global and regional MPR indices correlated strongly with
the anatomic extent and severity of CAD and demonstrated
increased diagnostic performance compared with classic semi-
quantitative analysis. Most importantly, regional flow ratios
agreed closely with the functional characterization of perfusion
impairment obtained with invasive FFR measurements. SPECT
MPR quantification, as a noninvasive and cost-effective procedure,
appears to be a promising tool complementary to classic MPI for
routine assessment of CAD.

DISCLOSURE

The costs of publication of this article were defrayed in part by
the payment of page charges. Therefore, and solely to indicate this
fact, this article is hereby marked “advertisement” in accordance
with 18 USC 1734. No potential conflict of interest relevant to this
article was reported.

REFERENCES

1. Salerno M, Beller GA. Non-invasive assessment of myocardial perfusion. Circ
Cardiovasc Imaging. 2009;2:412-424.

2. Mowatt G, Vale L, Brazzelli M, et al. Systematic review of the effectiveness and
cost-effectiveness, and economic evaluation, of myocardial perfusion scintigra-
phy for the diagnosis and management of angina and myocardial infarction.
Health Technol Assess. 2004;8:iii-iv, 1-207.

3. Loong CY, Anagnostopoulos C. Diagnosis of coronary artery disease by radio-
nuclide myocardial perfusion imaging. Heart. 2004;90(suppl 5):v2-v9.

4. Burrell S, MacDonald A. Artifacts and pitfalls in myocardial perfusion imaging.
J Nucl Med Technol. 2006;34:193-211.

5. Berman DS, Kang X, Slomka PJ, et al. Underestimation of extent of ischemia by
gated SPECT myocardial perfusion imaging in patients with left main coronary
artery disease. J Nucl Cardiol. 2007;14:521-528.

6. Schelbert HR. Anatomy and physiology of coronary blood flow. J Nucl Cardiol.
2010;17:545-554.

7. Lortie M, Beanlands RS, Yoshinaga K, Klein R, Dasilva JN, DeKemp RA.
Quantification of myocardial blood flow with 2Rb dynamic PET imaging. Eur
J Nucl Med Mol Imaging. 2007;34:1765-1774.

8. Ziadi MC, Dekemp RA, Williams K, et al. Does quantification of myocardial
flow reserve using rubidium-82 positron emission tomography facilitate detec-
tion of multivessel coronary artery disease? J Nucl Cardiol. 2012;19:670-680.

9. Taqueti VR, Hachamovitch R, Murthy VL, et al. Global coronary flow reserve is
associated with adverse cardiovascular events independently of luminal angio-
graphic severity and modifies the effect of early revascularization. Circulation.
2015;131:19-27.

10. Murthy VL, Lee BC, Sitek A, et al. Comparison and prognostic validation of
multiple methods of quantification of myocardial blood flow with 3?Rb PET. J
Nucl Med. 2014;55:1952-1958.

11. Garcia EV, Faber TL, Esteves FP. Cardiac dedicated ultrafast SPECT cameras:
new designs and clinical implications. J Nucl Med. 2011;52:210-217.

12. Slomka PJ, Berman DS, Germano G. New cardiac cameras: single-photon emission
CT and PET. Semin Nucl Med. 2014:;44:232-251.

13. Garcia EV. Are SPECT measurements of myocardial blood flow and flow reserve
ready for clinical use? Eur J Nucl Med Mol Imaging. 2014;41:2291-2293.

SPECT MPR IN MuLTIVESSEL CAD PATIENTS *

14. Ben-Haim S, Murthy VL, Breault C, et al. Quantification of myocardial perfu-
sion reserve using dynamic SPECT imaging in humans: a feasibility study. J
Nucl Med. 2013;54:873-879.

15. Pijls NH, Fearon WF, Tonino PA, et al. Fractional flow reserve versus angiog-
raphy for guiding percutaneous coronary intervention in patients with multives-
sel coronary artery disease: 2-year follow-up of the FAME study. J Am Coll
Cardiol. 2010;56:177-184.

16. De Bruyne B, Fearon WF, Pijls NH, et al. Fractional flow reserve-guided PCI for
stable coronary artery disease. N Engl J Med. 2014;371:1208-1217.

17. Lalonde D, Taillefer R, Lambert R, et al. Thallium-201-dipyridamole imaging:
comparison between a standard dose and a high dose of dipyridamole in the
detection of coronary artery disease. J Nucl Med. 1994;35:1245-1253.

18. Johansson L, Mattsson S, Nosslin B, Leide-Svegborn S. Effective doses from
radiopharmaceuticals. Eur J Nucl Med. 1992;19:933-938.

19. Green PJ. Bayesian reconstructions from emission tomography data using a mod-
ified EM algorithm. IEEE Trans Med Imaging. 1990;9:84-93.

20. Hesse B, Tagil K, Cuocolo A, et al. EANM/ESC procedural guidelines for myo-
cardial perfusion imaging in nuclear cardiology. Eur J Nucl Med Mol Imaging.
2005;32:855-897.

21. Klein R, Beanlands RS, deKemp RA. Quantification of myocardial blood flow
and flow reserve: technical aspects. J Nucl Cardiol. 2010;17:555-570.

22. Wells RG, Timmins R, Klein R, et al. Dynamic SPECT measurement of absolute
myocardial blood flow in a porcine model. J Nucl Med. 2014;55:1685-1691.

23. Gould KL, Johnson NP, Bateman T, et al. Anatomic versus physiologic assess-
ment of coronary artery disease: role of coronary flow reserve, fractional flow
reserve, and positron emission tomography imaging in revascularization deci-
sion-making. J Am Coll Cardiol. 2013;62:1639-1653.

24. Klein R, Renaud JM, Ziadi MC, et al. Intra- and inter-operator repeatability of
myocardial blood flow and myocardial flow reserve measurements using rubid-
ium-82 pet and a highly automated analysis program. J Nucl Cardiol. 2010;17:
600-616.

25. Manabe O, Yoshinaga K, Katoh C, Naya M, deKemp RA, Tamaki N. Repeat-
ability of rest and hyperemic myocardial blood flow measurements with 8?Rb
dynamic PET. J Nucl Med. 2009;50:68-71.

26. Hsu B, Chen FC, Wu TC, et al. Quantitation of myocardial blood flow and
myocardial flow reserve with **™Tc-sestamibi dynamic SPECT/CT to enhance
detection of coronary artery disease. Eur J Nucl Med Mol Imaging. 2014;41:2294—
2306.

27. Klein R, Hung GU, Wu TC, et al. Feasibility and operator variability of myo-
cardial blood flow and reserve measurements with *°™Tc-sestamibi quantitative
dynamic SPECT/CT imaging. J Nucl Cardiol. 2014;21:1075-1088.

28. Fiechter M, Ghadri JR, Kuest SM, et al. Nuclear myocardial perfusion imaging
with a novel cadmium-zinc-telluride detector SPECT/CT device: first validation
versus invasive coronary angiography. Eur J Nucl Med Mol Imaging. 2011;38:2025—
2030.

29. Imbert L, Poussier S, Franken PR, et al. Compared performance of high-sensitivity
cameras dedicated to myocardial perfusion SPECT: a comprehensive analysis of
phantom and human images. J Nucl Med. 2012;53:1897-1903.

30. Mouden M, Timmer JR, Ottervanger JP, et al. Impact of a new ultrafast CZT
SPECT camera for myocardial perfusion imaging: fewer equivocal results and
lower radiation dose. Eur J Nucl Med Mol Imaging. 2012;39:1048-1055.

31. Daniele S, Nappi C, Acampa W, et al. Incremental prognostic value of coronary
flow reserve assessed with single-photon emission computed tomography. J Nucl
Cardiol. 2011;18:612-619.

32. Herzog BA, Husmann L, Valenta I, et al. Long-term prognostic value of '3N-
ammonia myocardial perfusion positron emission tomography added value of
coronary flow reserve. J Am Coll Cardiol. 2009;54:150-156.

33. Melikian N, De Bondt P, Tonino P, et al. Fractional flow reserve and myocardial
perfusion imaging in patients with angiographic multivessel coronary artery
disease. JACC Cardiovasc Interv. 2010;3:307-314.

34. Zhou T, Yang LF, Zhai JL, et al. SPECT myocardial perfusion versus fractional
flow reserve for evaluation of functional ischemia: a meta-analysis. Eur J Radiol.
2014;83:951-956.

35. Takx RA, Bloomberg BA, El Aidi H, et al. Diagnostic accuracy of stress myo-
cardial perfusion imaging compared to invasive coronary angiography with frac-
tional flow reserve meta-analysis. Circ Cardiovasc Imaging. 2015;8:¢002666.

Ben Bouallegue et al. 1717


http://jnm.snmjournals.org/

