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Abstract
Background Wemeasuredmyocardial blood flow (MBF) andmyocardial perfusion reserve (MPR) by a dynamic low-dose CZT-
SPECT protocol in patients with suspected or known coronary artery disease (CAD) and investigated the capability of dynamic
data in predicting obstructive CAD. A total of 173 patients with suspected or known CAD underwent dynamic CZT-SPECTafter
the injection of 155 MBq and 370 MBq of 99mTc-sestamibi for rest and stress imaging, respectively. Standard rest and stress
imaging were performed at the end of each dynamic scan. A total perfusion defect (TPD) < 5% were considered normal.
Obstructive CAD was defined as ≥ 70% stenosis at coronary angiography.
Results Global MPR was lower (p < 0.05) in patients with abnormal compared with those with normal MPI (2.40 ± 0.7 vs. 2.70 ±
0.8). Aweak, albeit significant correlation between TPD and MPR (r = − 0.179, p < 0.05) was found. In 91 patients with available
angiographic data, hyperemic MBF (2.59 ± 1.2 vs. 3.24 ± 1.1 ml/min/g) and MPR (1.96 ± 0.7 vs. 2.74 ± 0.9) were lower (both
p < 0.05) in patients with obstructive CAD (n = 21) compared with those without (n = 70). At univariable analysis, TPD, hyperemic
MBF, and MPR were significant predictors of obstructive CAD, whereas only MPR was independent predictor at multivariable
analysis (p < 0.05). At per vessels analysis, regional hyperemicMBF (2.59 ± 1.2 vs. 3.24 ± 1.1 ml/min/g) and regionalMPR (1.96 ±
0.7 vs. 2.74 ± 0.9) were lower in the 31 vessels with obstructive CAD compared with 242 vessels without (both p < 0.05).
Conclusions In patients with suspected or known CAD, MPR assessed by low-dose dynamic CZT-SPECT showed a good
correlation with myocardial perfusion imaging findings and it could be useful to predict obstructive CAD.
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Introduction

Stress single-photon emission computed tomography
(SPECT) myocardial perfusion imaging (MPI) represents the
most widely used non-invasive cardiac imaging tool for

diagnosis and risk stratification of patients with suspected or
known coronary artery disease (CAD) [1–3]. Despite the pres-
ence of stress-induced myocardial ischemia at visual or semi-
quantitative MPI analysis correlates with the occurrence of
obstructive CAD, in patients with multivessel disease, the
balanced hypoperfusion may affect the diagnostic accuracy,
leading to an underestimation of the defect extent [4].
Quantitative assessment of myocardial perfusion reserve
(MPR) by cardiac positron emission tomography (PET) has
been largely used to evaluate the severity and the extent of
CAD [5], providing incremental diagnostic and prognostic
information over the perfusion findings [6, 7].

Recently, novel dedicated gamma cameras with semicon-
ductor cadmium-zinc-telluride (CZT) detectors have been in-
troduced in the clinical practice for cardiac imaging [8]. These
new cameras, characterized by improved spatial, temporal,
and energy resolution as compared with conventional cam-
eras, allow to perform dynamic data by list-mode acquisition,

Wanda Acampa and Roberta Assante shared first co-authorship.

This article is part of the Topical Collection on Cardiology

* Ciro Gabriele Mainolfi
c.mainolfi@libero.it

1 Department of Advanced Biomedical Sciences, University Federico
II, Naples, Italy

2 Institute of Biostructure and Bioimaging, National Council of
Research, Naples, Italy

3 Department of Translational Medical Sciences, University Federico
II, Naples, Italy

https://doi.org/10.1007/s00259-019-04644-6
European Journal of Nuclear Medicine and Molecular Imaging (2020) 47:1705–1712

/Published online: 17 December 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-019-04644-6&domain=pdf
http://orcid.org/0000-0003-2187-4076
mailto:c.mainolfi@libero.it


adding to the standard perfusion evaluation the possibility to
estimate myocardial blood flow (MBF) and MPR by SPECT
imaging [9, 10]. It has been demonstrated that MPR, assessed
by dynamic SPECT MPI, is reduced in relation to the extent
and severity of the perfusion defects in patients with obstruc-
tive CAD [9, 11]. Moreover, the characteristics of CZT cam-
eras, the heart-oriented geometry and higher energy resolu-
tion, are expected also to reduce the administrated dose with-
out affecting image quality. Therefore, the aim of the present
study was to measure MBF and MPR by a dynamic low-dose
CZT-SPECT protocol in a cohort of patients with suspected or
known CAD and to investigate the capability of dynamic data
in predicting obstructive CAD.

Materials and methods

Study population

We studied 173 consecutive patients with suspected or known
CAD, submitted by referring physicians to stress MPI for the
assessment of myocardial ischemia. Within 90 days after MPI,
91 (52%) patients underwent coronary angiography. The deci-
sion to send patients to angiography was made by the referring
physicians, not aware of the MPR and MBF results. Patient
clinical history was collected, and cardiac risk factors were
assessed before nuclear testing. Hypertension was defined as
a blood pressure ≥ 140/90 mmHg or the use of anti-
hypertensive medication. Hypercholesterolemia was defined
as total cholesterol level > 6.2 mmol/L or treatment with cho-
lesterol lowering medication. Patients were classified as having
diabetes if they were receiving treatment with oral hypoglyce-
mic drugs or insulin. A positive family history of CAD was
defined by the presence of disease in first-degree relatives youn-
ger than 55 years in men or 65 years in women. Patients with
previous myocardial infarction (n = 72) and or prior revascular-
ization procedures (n = 84) were considered as having known
CAD. The review committee of our institution approved this
study and all patients gave informed consent (“Comitato Etico,
Università Federico II,” protocol number 110/17).

SPECT imaging

All patients performed a 1-day rest-stress protocol (Fig. 1).
Patients were instructed not to consume products containing
caffeine for 24 h before the test. MPI was performed in upright
position using a dedicated cardiac CZT camera (D-SPECT,
Spectrum Dynamics, Caesarea, Israel). A dose of 37 MBq of
99mTc-sestamibi was administered for a 60-s pre-scan acquisi-
tion to check patient position, to identify the location of the
heart and to set the angle limits of scanning for each detector
(region of interest-centric scanning). For rest dynamic images,
an intravenous bolus administration of 155 MBq of 99mTc-

sestamibi at rate of 1–2 cm3/s using an automatic injector
system (Empower CTA, Bracco Imaging Italia, Milano,
Italy) and flushed by 30 mL of saline to ensure consistent
delivery of a tight bolus. From the injection time, a list-
mode acquisition of 6 min started. Standard rest perfusion
images were acquired at the end of rest dynamic scan; the time
per projection was set to target the recording of 1000 myocar-
dial kcounts allowing a duration of the scans of less than
10 min. Thereafter, pharmacologic stress test using
dipyridamole was started. Dipyridamole was infused at dose
of 0.56 mg/kg intravenously over a 4-min period
(142 mcg/kg/min). All along the infusion, monitoring of heart
rate and rhythm, blood pressure, and electrocardiography
were performed. Four minutes after completion of
dipyridamole infusion, a second bolus of 370 MBq of
99mTc-sestamibi was injected for dynamic stress acquisition
followed by a list-mode acquisition of 6 min and by a subse-
quent stress gated acquisition of 4 min. At the end of the
dynamic stress acquisition, a dose of 100 mg of aminophylline
was administered intravenously in the event of chest pain or
other symptoms, or after significant ST depression. List-mode
data were re-binned into 32 frames consisting of 21 × 3-s, 1 ×
9-s, 1 × 15-s, 1 × 21-s, 1 × 27-s, and 7 × 30-s frames [10].
Summed and gated projections were reconstructed with an
iterative maximum likelihood expectation maximization algo-
rithm using 7 and 4 iterations, respectively.

Imaging interpretation

An automated software program (e-soft, 2.5, QGS/QPS,
Cedars- Sinai Medical Center, Los Angeles, CA, USA) was
used to calculate left ventricular (LV) volumes and ejection
fraction and the scores incorporating both the extent and se-
verity of perfusion defects, using a standardized segmentation
of 17 myocardial regions [12]. The total perfusion defect
(TPD) of the stress images was also generated, representing
the defect extent and severity and expressed as a percentage of
the LV myocardium [13]. In presence of a TPD < 5%, MPI
was considered normal [14].

MBF quantification

Dynamic imaging data and corresponding perfusion informa-
tion were analyzed using commercially available Corridor
4DM software (v2015, INVIA, Ann Arbor, MI, USA).

The summed myocardial images obtained beyond 2 min in
the list-mode acquisition, and a midwall surface was used and
divided in 460 polar map sectors. LV myocardial tissue time
activity curves (TAC) were sampled across all time frames at
the center of each polar map sector of the midwall surface.
From the polar map TACs, global and regional TACs were
averaged. The MPR analysis makes use of ROI blood sam-
pling by averaging a region in the LV blood pool, specifically
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in the center of the LV in the short axis (ROI size, 2 pixels) and
centered at the basal valve plane along the long-axis (ROI
length, 30 mm long), across all time frames. The input func-
tion region was verified for each patient and adjusted if need-
ed. Motion correction was manually performed for each frame
when appropriate. A net retention model [15, 16] was used to
calculate the retention rate (R) [10].

Coronary angiography

Coronary angiography was performed using the standard
Judkins method. Experienced cardiologists visually
interpreted all coronary angiograms. Presence of luminal di-
ameter stenosis ≥ 70% in at least one of the major vascular
territories was considered as obstructive CAD [17, 18].

Statistical analysis

Continuous data are expressed as mean ± SD and categorical
data as percentage. Unpaired two-sample t test and chi-square
test were used to compare differences in continuous and cat-
egorical variables, respectively. A p value < 0.05 (two-sided)
was considered statistically significant. Correlations between
TPD and stressMBF and globalMPR byD-SPECT have been
evaluated by Pearson’s coefficient. Univariable and

multivariable logistic regression analyses were used to evalu-
ate the ability of MPR in predicting obstructive CAD. The
variables resulted significant at univariate analysis, were in-
troduced into multivariate model. Receiver operating charac-
teristic (ROC) areas under the curve (AUC) were used to
evaluate the ability of relevant predictors to identify obstruc-
tive CAD and to identify the best trade-off between sensitivity
and specificity for different regional MPR cutoff points [19].
Statistical analysis was performed with Stata 15.1 software
(StataCorp, College Station, Texas, USA).

Table 1 Clinical characteristics of 173 patients with suspected or
known CAD

Age (years) 59 ± 14

Male gender 123 (71)

Angina-like symptom 47 (27)

Diabetes 59 (34)

Hypertension 145 (84)

Hypercholesterolemia 127 (73)

Smoking 60 (35)

Family history of CAD 95 (55)

Known CAD 92 (53)

Post-stress LV ejection fraction (%) 56 ± 14

Total perfusion defect (%) 9 ± 10

Values are means ± standard deviation or number (percentage) of patients

CAD coronary artery disease

Fig. 1 CZT-SPECT imaging protocol. An initial dose of approximately
37 MBq is administered in order to position (Pos) the patient’s heart
within the field of view using a 60-s pre-scan acquisition. A dose of
155 MBq is then injected to the patient as a bolus with a dynamic list-
mode images acquisition. After a delay of 25 min, a rest gated perfusion

scan is acquired. After controlling the correct position (Pos) of the heart a
dipyridamole infusion was started. A second bolus of tracers was injected
for dynamic stress by a list-mode acquisition of 6 min with a subsequent
stress gated acquisition of 4 min.

Fig. 2 Relationship between myocardial blood flow (MBF) and total
perfusion defect (TPD) (a) and between myocardial perfusion reserve
(MPR) and TPD (b) in the overall patient population
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Results

Characteristics of the patients are summarized in Table 1.
Of the overall 173 patients, 83 (48%) had normal and 90
(52%) abnormal MPI. Hyperemic MBF was significantly
lower in patients with abnormal compared with those with
normal MPI (2.90 ± 1.2 vs. 3.54 ± 1.1 ml/min/g, p < 0.01).
Similarly, MPR was significantly lower in patients with
abnormal compared with those with normal MPI (2.40 ±
0.7 vs. 2.70 ± 0.8, respectively, p < 0.05). Moreover, a

weak albeit significant inverse correlation between TPD
and hyperemic MBF (r = − 0.43, p < 0.01) and MPR (r =
− 0.18, p < 0.05) was found (Fig. 2).

Predictors of CAD

Among 91 patients with available coronary angiographic data,
21 (23%) had obstructive CAD. Of these latter patients, 13
(62%) had single-vessel disease, 6 (29%) two-vessel disease,
and 2 (9%) three-vessel disease. At coronary angiography, all

Table 2 Hemodynamic response to stress test and imaging findings according to the presence of obstructive CAD at coronary angiography

All patients (n = 91) With obstructive CAD (n = 21) Without obstructive CAD (n = 70) p value

Baseline heart rate (bpm) 66 ± 9 71 ± 12 65 ± 8 < 0.05

Hyperemic heart rate (bpm) 85 ± 15* 84 ± 12* 85 ± 16* 0.67

Baseline diastolic BP (mmHg) 71 ± 10 71 ± 13 71 ± 9 0.82

Hyperemic diastolic BP (mmHg) 62 ± 11* 62 ± 15* 63 ± 9* 0.71

Baseline systolic BP (mmHg) 123 ± 15 119 ± 16 124 ± 15 0.13

Hyperemic systolic BP (mmHg) 107 ± 19* 105 ± 15* 109 ± 20* 0.53

Post-stress LV EDV (ml) 92 ± 58 121 ± 78 83 ± 49 < 0.02

Post-stress LV ESV (ml) 61 ± 52 59 ± 43 67 ± 77 0.54

Post-stress LV ejection fraction (%) 56 ± 18 55 ± 19 56 ± 18 0.68

Abnormal perfusion 53 (58) 14 (67) 39 (56) 0.37

Total perfusion defect (%) 12 ± 12 17 ± 16 10 ± 11 < 0.05

Baseline MBF (ml/min/g) 1.41 ± 0.6 1.39 ± 0.6 1.26 ± 0.5 0.20

Hyperemic MBF (ml/min/g) 3.27 ± 1.1 2.59 ± 1.2* 3.24 ± 1.1* < 0.01

Myocardial perfusion reserve 2.60 ± 0.8 1.96 ± 0.7 2.74 ± 0.9 < 0.01

Values are means ± standard deviation or number (percentage) of patients

CAD coronary artery disease, BP blood pressure, LV left ventricular, EDVend-diastolic volume, ESVend-systolic volume,MBFmyocardial blood flow;
* p < 0.001 hyperemic vs. baseline

Table 3 Univariable and multivariable predictors of obstructive CAD

Univariable analysis Multivariable analysis
Odds ratio (95% CI) p value Odds ratio (95% CI) p value

Age 1.06 (0.99–1.13) 0.07
Male gender 1.58 (0.31–7.86) 0.57

Angina-like symptom 0.50 (0.19–1.36) 0.17

Diabetes 0.47 (0.17–1.12) 0.14

Hypertension 1.17 (0.11–11.3) 0.93

Hypercholesterolemia 3.33 (0.40–27.68) 0.26

Smoking 0.85 (0.30–2.42) 0.77

Family history of CAD 0.92 (0.34–2.51) 0.87

Known CAD 2.71 (0.83–8.80) 0.10

Post-stress LV ejection fraction 0.99 (0.97–1.02) 0.68

Total perfusion defect 1.03 (1.00–1.07) < 0.05

Baseline MBF 1.20 (0.41–3.54) 0.73

Hyperemic MBF 0.48 (0.28–0.83) < 0.01

Myocardial perfusion reserve 0.34 (0.15–0.74) < 0.01 0.34 (0.15–0.74) < 0.01

CAD coronary artery disease, LV left ventricular, MBF myocardial blood flow
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patients with prior revascularization showed no flow-limiting
coronary stenosis in the corresponding treated vessels. The
response to pharmacologic stress test, MPI findings, and dy-
namic data in patients with and without obstructive CAD are
reported in Table 2. A significant response to pharmacologic
stress test was observed in both groups of patients. Patients
with obstructive CAD had higher TPD and post-stress end-
diastolic volume compared with patients without CAD.
Patients with obstructive CAD also had lower hyperemic
MBF and MPR (both p < 0.01) compared with patients with-
out CAD. At univariate logistic regression analysis, TPD
(p < 0.05), hyperemic MBF (p < 0.01), and MPR (p < 0.01)
resulted significant predictors of obstructive CAD. At multi-
variate analysis, only MPR resulted significant predictor of
obstructive CAD (p < 0.01) (Table 3). At ROC analysis, the
AUC for the identification of obstructive CAD were 0.61
(95% confidence interval, CI, 0.46–0.75) for TPD, 0.68
(95% CI 0.57–0.80) for hyperemic MBF, and 0.70 (95% CI
0.57–0.83) for MPR (p = 0.60). A MPR value of 2.6 provided
the best trade-off between sensitivity and specificity for iden-
tifying obstructive CAD (Fig. 3). Using this cutoff value,

sensitivity and specificity for CAD detection were 86%
(95% CI 0.64–0.97) and 50% (95% CI 0.38–0.62).

Per-vessel analysis

In the 91 patients with available coronary angiographic data,
273 individual vessels were analyzed, and obstructive CAD
was observed in 31 (11%) vessels (Table 4). During stress-
induced hyperemia, baseline MBF increased significantly
(p < 0.001) in both vessels with and without obstructive
CAD. Vessels with obstructive CAD had lower regional hy-
peremic MBF (both p < 0.01) and regional MPR (p < 0.001)
(Fig. 4). At multivariable analysis, only regional MPR result-
ed independent predictor of obstructive CAD (odds ratio 0.30,
95% CI 0.15–0.58, p < 0.001). The AUC at ROC analysis for
hyperemic MBF andMPR for the identification of obstructive
CAD were 0.64 (95% CI 0.54–0.74) and 0.76 (95% CI 0.66–
0.86), respectively. A regional MPR of 2.1 provided the best
trade-off between sensitivity and specificity for identifying
obstructive CAD (Fig. 5). Using this cutoff point, sensitivity

Fig. 3 Baseline and hyperemic
myocardial blood flow (MBF) in
vessels with and without
obstructive CAD

Table 4 Dynamic findings in vessels with and without obstructive CAD

All vessels (n = 273) With obstructive CAD (n = 31) Without obstructive CAD (n = 242) p value

Baseline MBF (ml/min/g) 1.41 ± 0.6 1.39 ± 0.6 1.26 ± 0.5 0.20

Hyperemic MBF (ml/min/g) 3.27 ± 1.1* 2.59 ± 1.2* 3.24 ± 1.1* < 0.01

Myocardial perfusion reserve 2.60 ± 0.8 1.96 ± 0.7 2.74 ± 0.9 < 0.001

Values are mean ± standard deviation

CAD coronary artery disease, MBF myocardial blood flow

*p < 0.001 hyperemic vs. baseline
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and specificity for obstructive CAD detection was 65% (95%
CI 0.45–0.81) and 83% (95% CI 0.77–0.87).

Discussion

The results of this study demonstrated that in patients with
suspected or known CAD, there was a relationship between
MPI findings and both hyperemic MBF andMPR obtained by
CZT-SPECT. Yet, global MPR resulted independent predictor
of CAD and regional MPR was useful for the identification of
obstructive CAD in the corresponding coronary artery.

MPI is a robust and widely used imaging tool in the diag-
nostic and prognostic evaluation of patients with known or
suspected CAD [1–3]. Different studies outlined the incre-
mental value of measurements of coronary flow reserve in
different categories of patients for both diagnostic and prog-
nostic purposes [20]. Quantitative measurements of coronary
vascular function can improve the diagnostic accuracy of MPI
[6, 21]. In particular, patients with severe multivessel disease,

where a normal MPI result does not necessarily identify truly
low-risk subgroups among high-risk cohorts, usually show a
reduced MPR [20, 22]. The presence of a normal MPR by
PET imaging is associated with a high negative predictive
value for high-risk CAD [22]. On the other hand, the addition
of an abnormal MPR to other high-risk findings on stress
testing may improve the identification of patients with high-
risk CAD on angiography [21]. With the introduction of new
solid-state dedicated cardiac camera with CZT detectors, it
may be feasible to obtain a quantification of regional and
global myocardial perfusion and perfusion reserve [9, 10,
23]. Ben-Haim et al. [9] in 95 patients with suspected or
known stable CAD showed that CZT-SPECT assessed MPR
is lower in patients with myocardial perfusion defects. In a
small subgroup of 16 patients with available angiographic
data, MPR showed a stepwise decrease with increasing extent
of obstructive CAD on angiography. Global MPR correlated
inversely with the extent of obstructive CAD on coronary
angiography and regional MPR was lower in territories sup-
plied by coronary arteries with at least 50% stenosis than in
those with non-obstructive disease [9]. More recent data from
Agostini et al. [10] showed that dynamic CZT-SPECT (using
an injected dose for rest-stress imaging of 3 MBq/kg and
9 MBq/kg, respectively) provide similar MPR compared with
15O-water PET imaging with high diagnostic value in detect-
ing abnormal fractional flow reserve in 30 patients with stable
CAD.

In the present investigation, the prevalence of abnormal
perfusion was 67% in patients with obstructive CAD and
56% in those without. The high rate of abnormal perfusion
in patients without obstructive CAD is likely due to the pres-
ence of 38 subjects with known CAD (prior myocardial in-
farction and/or coronary revascularization). We found an in-
verse relationship between myocardial perfusion parameters
obtained by CZT-SPECTand both hyperemicMBF andMPR,
with lower values of MBF andMPR in regions with abnormal
MPI as compared with those with normal findings.

A low-dose stress MPI protocol by CZT camera provides a
high diagnostic performance and a dramatic reduction in pa-
tient radiation doses [24]. Tracer activity may be reduced
using CZT-SPECT, resulting in a radiation dose exposure of
2–3 mSv for a complete rest and stress study, placing nuclear
MPI at the same level with PET and even below diagnostic
invasive angiography [25, 26]. Our results suggest that MPR
by dynamic CZT-SPECT, with a tracer dose lower than pre-
vious studies, is useful in predicting the presence of obstruc-
tive CAD. According to recent published data, a further dose
decrease could be hypothesized [27]. This aspect outlined the
important role of CZTcamera in reducing dose administration
in an era where dose-saving strategies enable nuclear MPI to
be more cost-effective [26]. Interestingly, in our study, we
observed lower values of both hyperemic MBF and MPR in
vessels with obstructive CAD. MPR also resulted as
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independent predictor of the presence of obstructive CAD. In
a per-vessel analysis, a threshold of 2 has been identified in the
detection of obstructive CAD in corresponding lesions with a
good diagnostic performance using this cutoff value. These
results are in agreement with recent findings analyzing coro-
nary artery territories with a cutoff value < 2.1 by CZT-
SPECT and showing a sensitivity and specificity of 58% and
85%, respectively, in identifying a fractional flow reserve ≤
0.8. [10]. It has also been demonstrated that a regional MPR
cutoff point of 2.2 provides a sensitivity of 63% and 74% for
the identification of obstructive CAD in the corresponding
artery [11]. Our results obtained in a larger patient population
and using a lower injected dose are in agreement with these
published data. Despite significantly lower MPR for vessels
with obstructive CAD comparedwith those without, there was
a wide margin of error including data approaching 1 or below
1 in the non-obstructive CAD group. This finding could be
explained by the presence of few vessels (3%) without ob-
structive CAD and reduced MPR in some patients with prior
myocardial infarction, coronary artery stenosis < 70%, and
multiple risk factors.

Study limitations

This study has some limitations. First, coronary vascular func-
tion is influenced by other factors then major coronary artery
anatomy, such as microvascular disease. In addition, 99mTc-
labeled tracers are not ideal flow agents, and their myocardial
uptake is low at high flow rates. Even so, this new SPECT
technology offers the opportunity for high-resolution myocar-
dial perfusion imaging joined with dynamic imaging.With the
increasing availability of dedicated cardiac cameras with
solid-state detectors, this technology offers great promise for
MBF and CFR quantification with dynamic SPECT. Future
studies will clarify the effectiveness of dynamic SPECT flow
imaging [28].

Conclusion

In patients with suspected or known CAD, MPR assessed by
low-dose dynamic 1-day rest-stress CZT-SPECTweakly cor-
relates with myocardial perfusion findings and is an indepen-
dent predictor of obstructive CAD. A regional MPR cutoff
point of 2.1 is useful for the identification of obstructive
CAD in the corresponding artery.
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