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Abstract

Background: Rubidium-82 positron emission tomography (*2Rb PET) MPI is consid-
ered a noninvasive reference standard for the assessment of myocardial perfusion in
coronary artery disease (CAD) patients. Our main goal was to compare the diagnostic
performance of static rest/ vasodilator stress CT myocardial perfusion imaging (CT-MPI)
to stress/ rest #Rb PET-MP!I for the identification of myocardial ischemia.

Methods: Forty-four patients with suspected or diagnosed CAD underwent both
static CT-MPI and #Rb PET-MP! at rest and during pharmacological stress. The extent
and severity of perfusion defects on PET-MPI were assessed to obtain summed stress
score, summed rest score, and summed difference score. The extent and severity

of perfusion defects on CT-MPI was visually assessed using the same grading scale.
CT-MPI was compared with PET-MPI as the gold standard on a per-territory and a per-
patient basis.

Results: On a per-patient basis, there was moderate agreement between CT-MPI and
PET-MPI with a weighted 0.49 for detection of stress induced perfusion abnormalities.
Using PET-MPI as a reference, static CT-MPI had 89% sensitivity (SS), 58% specificity (SP),
71% accuracy (AC), 88% negative predictive value (NPV), and 59% positive predic-

tive value (PPV) to diagnose stress-rest perfusion deficits on a per-patient basis. On a
per-territory analysis, CT-MPI had 73% SS, 65% SP, 67% AC, 90.8% NPV, and 34% PPV to
diagnose perfusion deficits.

Conclusions: CT-MPI has high sensitivity and good overall accuracy for the diagnosis
of functionally significant CAD using ®?Rb PET-MP! as the reference standard. CT-MP|
may play an important role in assessing the functional significance of CAD especially in
combination with CCTA.

Keywords: Computed tomography, Ischemia, Myocardial perfusion imaging,
Rubidium positron emission tomography
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Introduction

Cardiac computed tomography (CT) angiography (CCTA) is a noninvasive diagnostic
method with high sensitivity and very high negative predictive value for the detection of
obstructive coronary artery disease (CAD) in patients with chest pain (Budoff et al. 2008;
Miller et al. 2008; Meijboom et al. 2008; Litt et al. 2012). However, both morphological
data and functional significance of coronary stenosis are important for management and
to impact clinical outcomes for symptomatic CAD patients considered for revasculariza-
tion (Bruyne et al. 2012). Although CCTA can provide anatomical information regard-
ing the presence of epicardial coronary artery stenosis, the hemodynamic significance of
coronary stenosis usually requires assessment by catheter-based fractional flow reserve
(FFR) (Meijboom et al. 2008; Pijls et al. 1996), or noninvasive methods such as single
photon emission tomography/myocardial perfusion imaging (SPECT-MPI) (Gaemperli
et al. 2008), positron emission tomography (PET) (Carli et al. 2007), cardiac magnetic
resonance imaging (CMR) (Bettencourt et al. 2013), stress echocardiography (Jiménez-
Navarro et al. 2001) and FFR.p (FFR determined using CCTA images) (Pontone et al.
2019a).

CT-MPI has been compared with myocardial flow measured with microspheres (Eck
et al. 2016), SPECT (Jaarsma et al. 2012; Cury et al. 2010; Tamarappoo et al. 2010),
CMR (Jaarsma et al. 2012), FFR-1 (Pontone et al. 2019a; Yang et al. 2017) and invasive
FFR (Jaarsma et al. 2012; Takx et al. 2015; Williams et al. 2017). Multiple experimental,
single-centre and multi-centre clinical studies evaluated the diagnostic accuracy of CT
myocardial perfusion (CT-MPI) to detect flow limiting stenosis and associated myocar-
dial perfusion abnormalities in comparison with other methods (Pontone et al. 2019a;
Eck et al. 2016; Jaarsma et al. 2012; Cury et al. 2010; Tamarappoo et al. 2010; Yang et al.
2017; Takx et al. 2015; Williams et al. 2017). CT-MPI is reported to have comparable
diagnostic accuracy for detection of myocardial ischemia compared to invasive FFR
(Takx et al. 2015). CT-MPI can be performed either using a static (obtains a single CT
dataset at an estimated peak myocardial enhancement time after contrast administra-
tion) or a dynamic (multiple CT datasets obtained after contrast administration along a
time-attenuation curve) method (Koo et al. 2016).

Rubidium-82 PET (3?Rb PET) has been considered a noninvasive reference standard
for the detection of obstructive CAD (Jaarsma et al. 2012; Mc Ardle et al. 2012), but
there are limited studies that use Rb PET as a reference standard to assess CT-MPI, and
no studies have used a static ECG-gated prospective acquisition protocol. The purpose
of our study was to compare the diagnostic accuracy of rest/vasodilator stress static CT-
MPI with vasodilator stress/rest **Rb PET-MPI in identification of myocardial ischemia
in patients with suspected CAD, using visual qualitative and semi-quantitative analysis.
We also aimed to assess image quality and characterize artifacts in the CT-MPI studies.

Methods

Patients and study protocol

The study was approved by our institutional review board, and all patients provided
written informed consent for inclusion and data analysis. Forty-four consecutive
patients with clinically suspected or stable symptomatic CAD with a clinical indica-
tion for vasodilator stress/rest **Rb PET-MPI at a single urban teaching hospital were
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prospectively enrolled to perform both rest/vasodilator stress CT-MPI and vasodilator
stress/rest *RbPET-MPI within 90 days. Patients with heart failure, acute coronary syn-
drome, reactive airway disease, chronic kidney disease, and allergy to iodinated contrast
were excluded. No patient experienced any interval change in clinical status or coronary
revascularization.

CT-MPI protocol

Patient preparation

Participants abstained from caffeine for 12 h and from methylxanthine-containing prod-
ucts, oral dipyridamole, theophylline, and beta-blockers for 24 h before stress testing.
An 18-gauge cannula was inserted into the right antecubital vein for stress agent and
contrast administration. Before the rest CT acquisition, patients received metoprolol to
target heart rate of <65 beats/min and nitroglycerin (0.8 mg) sublingually. All patients
were observed for one hour after the study (Fig. 1).

Image acquisition

A non-contrast prospective electrocardiogram (ECG) triggered axial (sequential) car-
diac CT was performed for calcium scoring as per local clinical routine on a GE Volume
CT (GE Healthcare, Waukesha, USA), with 64 x 0.625 mm collimation, gantry rotation
350 ms, with X-ray tube modulation, mA =400-800, 120 kVp, at 70% RR interval (Chow
et al. 2010). For CT-MP], two consecutive prospective ECG-triggered axial acquisitions
at 75% of R-R interval with+5% padding were performed with mA =400-800, 100
kVp for body mass index <30, 120 kVp for body mass index>30 (Abbara et al. 2016).
A triphasic intravenous injection protocol (100% contrast, 40%/60% contrast/saline and
100% saline) of 70 mL of contrast medium (Omnipaque-350, GE Healthcare, Princeton,
NJ, USA) was injected at 5 ml/s. For rest CT-MP]I, acquisition was determined using a
test bolus (20 ml of contrast) to determine time to peak in the ascending aorta. After a
delay of at least 20 min, stress CT-MPI was acquired 2 min following dipyridamole injec-
tion which was infused intravenously at a dose of 0.14 mg/kg/min over 5 min (Cury et al.
2010). Stress CT-MPI was initiated using a real-time bolus tracking technique, at the
time of peak left ventricle filling with contrast, which was determined with a threshold
of 120 Hounsfield unit (HU). During dipyridamole infusion, heart rate, blood pressure,
ECG, and symptoms were monitored continuously. Once image acquisition was com-
pleted, intravenous aminophylline (1.5 mg/kg body weight) was administered over 5 min
to reverse the effects of dipyridamole.

CT-MPIl image reconstruction

Prospectively acquired cardiac CT rest/stress data sets were reconstructed at 70, 75,
and 80% of the R-R interval with a slice thickness of 0.625 mm, 250 mm reconstructed
field of view, 512 x 512 matrix and standard reconstruction algorithm. Rest cardiac CT
angiography images were used for clinical anatomic assessment of coronary stenosis.
Rest/stress data sets for each patient were loaded into a dedicated workstation Aquarius
iNtuition software (Version 4.4.11, TeraRecon, San Mateo, CA, USA) in multidata work-
flow allowing anatomical coregistration and synchronization of both data sets side by
side for visual interpretation of myocardial attenuation in standard multiplanar images
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in short-axis, vertical-long-axis and horizontal long-axis of the left ventricle (LV), with

7 mm slice thickness images.

Interpretation of myocardial perfusion on CT-MPI

Two experienced independent readers blinded to all clinical, CT coronary angiography
and %°Rb PET findings analyzed and scored the CT-MPI studies. Individual data per
reader and a combined consensus reading data were collected. Initial display window
width and window level settings were 200 to 300 HU and 100 to 150 HU, respectively
(Blankstein et al. 2009) but free manipulation of window width and window level set-
tings was allowed. Regions of myocardium that exhibited significantly reduced CT atten-
uation as a result of decreased contrast distribution were considered to have abnormal
perfusion. The attenuation of normal myocardium in each patient was used as an inter-
nal reference to visually compare and assess the relative severity of myocardial hypoper-
fusion (Fig. 2).

True perfusion defects were differentiated from potential artifacts by examining the
morphology of myocardial perfusion defects and their relation with the LV endocar-
dial contour. Perfusion defects that did not follow the endocardial contour or extended
beyond the heart borders were considered artifacts. True perfusion defects were defined
if present simultaneously in more than one plane (short-axis, vertical-long-axis and hor-
izontal long-axis) and in two consecutive segments. Artifacts were registered according
to the segments involved and classified as beam hardening, motion, step-artifact and
noise. Image quality and reader’s confidence were registered using Likert scale 1 to 5

(1-inadequate to 5-excellent).

Visual assessment of perfusion deficit on CT-MPI

The extent and severity of perfusion defect in each segment was graded on a 0 to 4
scale (0=uniform CT attenuation equal to normal myocardium; 1=mildly reduced
attenuation encompassing less than 25% of the myocardium; 2=moderately reduced

Fig. 2 CT-MPI Rest-Stress visual analysis. CT-MPI in Rest (A-E) and Stress (F-J) in short axis, 2-chamber and
4-chamber multi-planar planes images with 5-7 mm slice thickness, display 200-300 HU window width and
100-150 HU window length. Perfusion defects on post dipyridamole stress CT-MPI in mid and apical anterior/
anterolateral segments in a single patient (red arrows on G-J). The extent and severity of stress perfusion
defect was scored as 1 for mid anterior segment, 2 mid anterolateral segment, 3 for apical anterior segment
and 1 apical lateral segment. This corresponded to summed stress score of 7, summed rest score of 0 and
STPD 10%, iTPD 10%. TPD total perfusion deficit
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attenuation comprising 25% to 50% of the myocardium; 3 =moderately reduced attenu-
ation in 50% to 75% of the myocardium; and 4 =severely reduced attenuation in more
than 75% of the myocardium) (Fig. 2). The scores from both readers for each study were
averaged to achieve a final perfusion deficit score for each study. The CT-MPI based
summed stress score (SSS) and summed rest score (SRS) were derived by adding the
scores assigned to each individual segment from stress and rest. A summed difference
score (SDS) was defined as the difference between SSS and SRS. A visually assessed total
perfusion deficit (TPD) for CT-MPI was derived by dividing CT-MPI SSS, SRS and SDS
by 68 (which represents the sum of the maximum scores that could be assigned to each
of the 17 segments) multiplied by 100%. The difference in TPD
lated representing the percentage of total myocardium involved with stress ischemia
(iTPD), an approach previously applied to SPECT-MPI (Hachamovitch et al. 2003) and
CT- MPI versus SPECT-CT comparison (Tamarappoo et al. 2010).

stress- L P Dot Was calcu-

82Rb PET imaging
The 82Rb PET studies were performed according to our standard clinical protocol pre-
viously described (Ziadi et al. 2011). Patients refrained from caffeine>12 h and theo-
phyllines for>48 h before the 8?Rb PET study. After an overnight fast, patients were
positioned in a 3-dimensional PET system (Discovery Rx/VCT, GE Healthcare, Milwau-
kee, Wisconsin). A low-dose (0.25 mSv), fast helical (1.5 s) CT (120 kVp with axial and
angular mA modulation at a noise index of 50) was acquired for attenuation correction.
Then, 10 MBq/kg of ®*Rb was administered intravenously over 30 s interval to ensure
dead-time losses remained < 50% (RUBY-FILL®- rubidium chloride rb-82 injection solu-
tion, package insert, Jubilant DraxImage Inc). A 17-frame, 10-min dynamic %?Rb scan
was acquired with a parallel list-mode acquisition.

After rest PET-MPI, a dipyridamole stress test was performed (0.14 mg/kg/min over
5 min). Then 10 MBq/kg of ®*Rb was infused 3 min after completion of the vasodila-
tor infusion. Stress images were acquired per rest MPI. A repeat low-dose CT scan was
acquired after stress PET images for attenuation correction.

Images were reconstructed using Fourier rebinning and filtered back-projection with
a 12-mm 3-dimensional Hann window of the ramp filter. The list-mode data from 2.5
to 10 min were replayed to reconstruct electrocardiographic-gated images. Images were
interpreted using a 17-segment model and a 5-point scoring system (normal, mildly
reduced, moderately reduced, severely reduced and absent 52Rb uptake) by an experi-
enced reader blinded to clinical data. SSS, SRS and SDS were calculated semi-automati-
cally (Cerqueira et al. 2002).

Statistical analysis

Continuous variables were expressed as mean=SD. Normally distributed continuous
variables were compared using a paired t test and categorical variables with x? test. The
presence of perfusion defect by 8*Rb PET-MPI or CT-MPI was considered a categorical
variable. Per-segment based, per-territory and per-patient comparison of abnormal seg-
ments by CT-MPI and 32Rb PET-MPI was expressed as sensitivity (SS), specificity (SP),
accuracy (AC), positive predictive value (PPV), negative predictive value (NPV), posi-
tive likelihood ratio and negative likelihood ratio using 82Rb-MPI as the reference. Kappa
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estimates were used to evaluate the agreement between the 2 independent CT-MPI
readers and between CT-MPI and *’Rb-MPI in identification of hypoperfused myocar-
dial segments. Agreement between TPD by PET-MPI and visually derived TPD by CT-
MPI were assessed using the Bland—Altman analysis by calculating the mean difference
and SD of the differences. The range of+1.96 SD of the differences provided the 95%
level of agreement between the two techniques. To further strengthen the comparison
between the two techniques, the Passing-Bablok regression method was used to assess
the significance of agreement. The significance of the linear agreement was analyzed
with the CUSUM (cumulative summation) test for linearity; P<0.05 indicated a signifi-
cant consistent difference between the two techniques. Lastly, receiver operating char-
acteristic (ROC) analysis (with interactive plot analysis) was used to test the predictive
accuracy of CT-MPI with®*Rb PET-MPI as the reference. Optimal cut-off was defined as
the threshold where the sum of sensitivity and specificity was maximum.

Results

Patient and studies characteristics

Of the 44 patients (23 male) included in the analysis, 23 (52%) had history of CAD, and
23 (52%) were symptomatic with chest pain (Table 1). The interval period between CT-
MPI and %2Rb PET studies was 204 19 days (Table 2). Perfusion defects were detected by
82Rb PET in 18 patients, corresponding to a disease prevalence of 41%.

CT-MPI image quality and artifacts

The image quality Likert scores for rest studies was 4 or 5 in 41 (94%), compared to 25
(66%) of stress studies (p<0.05). The reader’s confidence on assessing stress/rest CT-
MPI studies was scored as 4 or 5 in 34 (77%) of studies. Likert scores for image quality
and reader’s confidence are provided in detail in “Appendix 1"

There were visible artifacts in 37 (84%) of rest/stress CT-MPI studies. The distribu-
tion of artifacts was assessed by segment (17 segments in 44 studies corresponding to
a total of 748 segments). In rest studies, there were 105 (14%) segments with artifacts
compared to 203 (27%) in stress studies (p <0.001). Beam hardening artifacts were pre-
sent in 60 (8%) and 43 (6%), and step artifact were present in 30 (4%) and 41 (5%) seg-
ments, respectively, on rest and stress studies. The presence of beam hardening artifacts
was higher in the right coronary artery 55 (16%) compared to left anterior descending 39
(4%) and circumflex territory 9 (3%) (»<0.0001). The type and distribution of artifacts
on rest and stress studies are described in detail in “Appendices 2 and 3”.

CT-MPI diagnostic performance compared to 82Rb PET MPI

There were 26 (59%) patients with reversible perfusion defects on CT-MPI and 18 (41%)
patients on 82Rb PET (p=0.135) (Fig. 3). There was a moderate agreement between CT-
MPI readers in identification of abnormal CT myocardial perfusion on a per-patient
basis, with inter-rater agreement weighted kappa of 0.49 (95% CI of 0.28 to 0.70). The
sensitivity (SS), specificity (SP), accuracy (AC), for reader A were, respectively, 88.9%,
57.7%, 70.5%, and for reader B were 55.6%, 80.8%, 70.5%. For identification of abnormal
CT myocardial perfusion on a per-patient basis, the area under the ROC curve (AUC)
was 0.73 and 0.68 (p =0.47), respectively, for reader A and B.
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Table 1 Patients characteristics

Characteristic Value
n 44
BMI 308 (+£6.7)
Age 61.7 (£10.9)
Male/female 23 (52)/21 (48)
Past medical history of CAD:

Previous MI 10 (23)

Previous PCl 10 (23)

Previous CABG 3(7)
Smoking history 33(75)
Diabetes 17 (39)

IDDM 409

NIDDM 13 (30)
Hypertension 35 (80)
Hyperlipidemia 36 (%)
Family History of CAD 24 (55)
Asymptomatic 9 (20)
New Chest Pain

Typical 10 (23)

Atypical 12 (27)
Dyspnea 26 (59)
Palpitations 16 (36)
CCSclass

0 18 (41)

1 13(30)

2 49)

3 2(5)

4 7(16)
NYHA Class

0 15(34)

1 13(30)

2 8(18)

3 1(2)

4 7(16)

Quantitative variables expressed as mean and + standard deviation; categorical variables expressed as frequencies
(percentages)

BM, body mass index; CAD coronary artery disease; Ml myocardial infarct; PCl percutaneous coronary intervention; CABG
coronary artery bypass graft surgery; IDDM insulin dependent diabetes mellitus; NIDDM noninsulin dependent diabetes
mellitus; CCS Canadian Cardiovascular Society grading scale of angina; NYHA New York Heart Association functional
classification

Using the reader’s consensus reading, there was a moderate agreement between
CT-MPI and #*Rb-PET for identification of abnormal myocardial perfusion on a per
patient basis (weighted kappa of 0.44, 95% CI of 0.21 to 0.68).

On a per-patient analysis, CT-MPI compared to 3?Rb-PET as the reference stand-
ard had 88.9% SS, 57.7% SP and 70.5% AC, and AUC of 0.73 (95% CI of 0.58-0.85)
(p<0.001). On per-territory basis, CT-MPI had over all 73.1% SS, 65.1% SP, 67.7%
AC, and AUC of 0.69 (95% CI of 0.61 to 0.77) (p <0.001) (Table 3).
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Table 2 Studies characteristics

Characteristic Value
Duration in days between CT-MPI and ®2Rb-PET MPI 203 (£19.2)
Heart rate during rest CT-MPI (beats per minute) 542 (£6.7)
Range of heart rate during rest CT-MPI (beats per minute) 39-67
Maximum heart rate during stress CT-MPI (beats per minute) 729 (+8.9)
Range of heart rate during stress CT-MPI (beats per minute) 58-100

DLP of rest-stress CT-MPI, mGy/cm 598.1 (& 149.8)
Total effective radiation dose rest-stress CT-MPI, mSv 84 (£2.1)
Total estimated effective radiation dose ®2Rb-PET MPI, mSv 2

Average =+ standard deviation; Effective dose = Dose length product (DLP) x 0.014mSV/mGy-cm

CT-MPI computed tomography myocardial perfusion imaging; #?Rb PET MPI Rubidium-positron emission tomography
myocardial perfusion imaging

Fig. 3 Stress CT-MI and 82Rb-PET agreement by visual analysis. Post dipyridamole stress short-axis images

of CT-MPIin (A, €) and 8?Rb-PET (B, D). Perfusion defects on post dipyridamole stress CT-MPI in mid anterior
segments and corresponding 8’Rb-PET images in a single patient (red arrows). Note beam hardening artifacts
in apical segments in CT images (open green arrows)

CT-MPI and 82Rb PET-MPI agreements: measurements of TPD and ischemic TPD
While the SSS, SDS and iTPD were significantly higher (p<0.05) on CT-MPI studies
compared to 82Rb PET, the SRS and rTPD scores were not different between the two
modalities (»=0.105) (Table 4). There was a significant correlation between SDS and
iTPD assessed by CT-MPI and 82Rb PET (Pearson’s correlation »=0.407, »=0.007, 95%
C10.122 to 0.631 for SDS and »=0.406, p =0.007, 95% CI 0.120 to 0.6294 for iTPD).
Bland—Altman analysis using iTPD scores of CT-MPI and %Rb PET, demonstrated a
bias of 6.4%, a standard deviation in differences of 9.3% and, 95% limits of agreement
between the two methods of — 12 and 25% (Fig. 4). The regression line of the differ-
ences in the two methods showed a positive trend when plotted against the mean of
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Table 3 Diagnostic performance of CT-MPI on a per patient and per-territory analysis using #Rb
PET-MPI as the reference standard

Per-patient Per-territory

LAD LCx RCA All-territories
Sensitivity 88.9% [65.3-98.6] 91.7% 80% 44.4% 73.1% [52.2-88.4]
Specificity 57.7%[36.9-76.7]1  56.3% 744%  62.9% 65.1% [53.4-74.6]
Positive likelihood ratio 2.1[1.3-34] 2.10 312 1.23 2.15[1.5-3.1]
Negative likelihood ratio 0.19[0.1-0.7] 0.15 0.27 0.88 0411[0.2-0.8]
Positive predictive value 59.26% [38.8-77.6] 44% 2857%  23.53% 33.93% [21.8-47.8]
Negative predictive value  88.2% [63.6-98.5]  94.7% 96.77% 81.48% 90.79% [82.6-96.4]
Accuracy 70.5% 65.6% 75.0% 59.1% 67.7%
Area under the ROC curve  0.73 [0.57-0.85] 0.74 0.77 0.54 0.69[0.60-0.77]

CT-MPI computed tomography myocardial perfusion imaging; #?Rb PET MPI Rubidium-positron emission tomography
myocardial perfusion imaging; LAD left descending coronary artery; LCx left circumflex coronary artery; RCA right coronary
artery; ROC receive operating characteristic curve

Table 4 Comparison of CT-MPI and #Rb PET MPI

CT-MPI 82Rb-PET MPI p

Patients with stress reversible perfusion defects 26 18 0.135
(SDS>0)

Summed Stress Score (SSS) 74+7.1 25435 <0.0001
Summed Rest Score (SRS) 16+£28 10+£23 0.105
Summed Difference Score (SDS) 58469 1.5+23 0.0001
Total Perfusion Deficit Stress (TPDs) 1094105 37452 <0.0001
Total Perfusion Deficit Rest (TPDr) 24+£40 14+£34 0.105
Ischemic perfusion deficit (iTPD) 85+10.1 23+34 0.0001

SSS, SRS, SDS, TPDs, TPDr, iTPD are expressed as average % =+ standard deviation

CT-MPI computed tomography myocardial perfusion imaging; Rb-PET Rubidium-positron emission tomography myocardial
perfusion imaging

40_
30 ‘{________;_:1_-_96_52
20| o 25.0

CTiTPD% - PET iTPD%

Mean of CT iTPD% and PETiTPD%
Fig. 4 Bland-Altman analysis using visually derived iTPD % demonstrated a mean bias of 6.4; standard
deviation of differences: 9.33 and 95% limits of agreement between the two methods: — 12.08 and 24.98.
Thus, CT-MPI derived iTPD % overestimated the PET iTPD % by 6.4% on average with the 95% limits as above.
The dashed pink line represents the regression line of the differences between CT-MPI and PET iTPD%
which shows a positive trend representing that the CT-MPI derived iTPD% overestimation increased with an
increasing average of CT-MPI and PET iTPD%. CT computed tomography; MPI myocardial perfusion imaging;
PET 82-Rubidium positron emission tomography; iTPD% ischemic total perfusion deficit % based on visual
semi-quantitative methods
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the two measurements. The CUSUM test confirmed linearity (P=0.53) between the
two modalities of iTPD measurement, and the Passing—Bablok regression analysis
showed good agreement with a proportional bias (slope =6.86) between iTPD visu-
ally derived from CT-MPI and ®*Rb PET (Fig. 5).

Discussion

To our knowledge, this is the first study that directly compares myocardial perfu-
sion in static CT-MPI and 3>Rb PET-MPI using prospective ECG-triggered axial car-
diac CT protocol with semi-quantitative visual assessment with a widely available
64-detector CT scanner. This study also provides in-depth information about the CT-
MPI image quality and artifacts including their distribution. Our study shows a mod-
erate agreement between static CT-MPI and 52Rb PET-MPI (weighted kappa of 0.49,
95% CI of 0.28 to 0.70) and demonstrates good diagnostic performance of CT-MPI on
qualitative and quantitative analyses at a per-person (89% SS, 58% SP, 71% accuracy
AC) and a per-territory level (73% SS, 65% SP, 67% AC).

Other prior studies have compared CT-MPI and PET-MPI albeit with differing CT
and PET methodologies. Williams et al. (2017) compared static whole-heart coverage
CT-MPI determined perfusion defects with oxygen-15 labelled water PET determined
myocardial blood flow (MBF). The authors reported excellent correlation between CT
attenuation density and PET determined MBF (r=0.579, P<0.001). Others have uti-
lized either dynamic (Kikuchi et al. 2014) or multiphase (Dantas et al. 2018) CT-MPI
protocols to calculate MBF and have shown good correlation with **Rb PET deter-
mined MBF. Our study extends the available evidence by demonstrating a moderate
agreement between static CT-MPI and ®Rb PET-MPI based on a semi-quantitative
visual assessment of myocardial segments for reversible perfusion defects.

CT-MPI iTPD%

1 1 1 i 1

15 20 25 30 35
RbPET iTPD%
Fig. 5 The Passing—Bablok method of comparison demonstrates a proportional bias between the two
semi-quantitative visual methods of myocardial perfusion assessment (slope =6.86, y-intercept =0, n =43).
The blue solid line indicates the slope of CT-MPI iTPD% measurements plotted against the perfect-fit line
(dotted red line, slope =1). The dotted blue line shows the lower limit of the 95% Cl which does not include
the perfect-fit line and hence, the proportional bias. The proportional bias indicates that the CT-MPI derived
iTPD% overestimation of #Rb PET derived iTPD% progressively increases with an increase in perfusion
abnormalities as identified by 82Rb PET. The CUSUM (cumulative summation) test shows that the observed
data does not significantly deviate from a linear model (P=0.53). CT-MPI computed tomography myocardial
perfusion imaging; #Rb PET 82-Rubidium positron emission tomography; iTPD% ischemic total perfusion
deficit % based on visual semi-quantitative methods
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Our findings lend support to the use of static CT-MPI with a semi-quantitative vis-
ual assessment in identifying hemodynamically significant CAD. This is important as a
static CT-MPI protocol with a semi-quantitative visual assessment can be easily inte-
grated into a reporting practice and also doesn’t have limitations of a dynamic CT-MPI
protocols such as increased radiation exposure (Danad et al. 2016), longer duration of
breath hold, need for whole-heart coverage CT scanner, and the need for analytical soft-
ware for absolute MBF quantification (Koo et al. 2016).

Our study demonstrated a per-patient SS of 88.9%, a SP of 57.7% and 70.5% AC for
CT-MPI based on a semi-quantitative visual assessment when compared to 8*Rb PET-
MPI as the reference standard. The per-patient AUC of 0.73 demonstrates a good abil-
ity of CT-MPI to discriminate between those with and without myocardial perfusion
defects. We found that CT-MPI overestimated perfusion defects in the myocardium as
the visually derived SSS and the resultant iTPD from CT-MPI were significantly higher
than those derived from ¥*Rb PET-MPI (p <0.0001). While the SRS was not significantly
different, the same trend of higher measures was also noted using CT-MPI. Similarly,
the Bland—Altman analysis also showed that CT-MPI overestimated perfusion defects
and the Passing—Bablok test revealed that this overestimation progressively increased
with an increase in perfusion abnormalities as identified by #?Rb PET. The overestima-
tion of perfusion defects by CT-MPI is unlikely to be secondary to false positive defects
related to artifacts (Blankstein et al. 2009). Of note, artifacts were identified in 27% of
patients in our study who underwent stress CT-MPIL. Most of these were noise artifacts
(11%), and only 6% of beam hardening artifacts, which are known to mimic abnormal
myocardial perfusion. The Likert scores for image quality were lower in the stress phase
(score 4 or 5 in 66% of stress phase vs 94% of rest phase images) as expected. It seems
unlikely that the relatively low number of beam hardening artifacts and image quality
limitations could explain the differences in the measures of perfusion defects, as this
trend was also noted in the rest studies. It is possible that the CT-MPI stress phase iden-
tified an excess of myocardial perfusion defects compared to 3?Rb PET-MPI because
of inherent higher spatial resolution (approximately 0.4 mm of CT compared to 0.7—
0.9 mm of PET), higher contrast resolution and dynamic range of CT compared to a
nuclear based method. Similar findings were described by Meinel et al. (2013), in a study
of 55 patients comparing first-pass (static) dual energy CT with SPECT as the reference
standard. In this study, almost one-half of defects that were reversible at SPECT were
classified as fixed, suggesting that the higher sensitivity of rest CT perfusion could be
due to its ability to detect small subendocardial perfusion abnormalities. In fact, it is
well described that the presence of perfusion abnormalities at rest CT-MPI that corre-
late with decreased myocardial flow and myocardial ischemia are probably secondary to
the vasodilatory effects of nitroglycerin and iodine contrast inducing a mild hyperemic
state (Williams et al. 2017; Meinel et al. 2013; Iwasaki and Matsumoto 2011; Kachenoura
et al. 2009; Gupta et al. 2013; Osawa et al. 2014, 2016; Han et al. 2018). However, given a
lack of invasive cardiac catheterization correlation in all cases, it is possible that some of
these cases could be false positives. Therefore, it may be prudent in clinical practice to
correlate CT-MPI findings with CCTA or FFR to offset the risk of false positives.

On a per-territory level, the current study demonstrated a good SS of 73.1%, 65.1%
SP and 67.7% AC. Of note, this is a small increase in SP from the per-patient value
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(57.7%) and decrease compared to per-patient SS (88.9%). This is an important result
which demonstrates a difference in the diagnostic performance of a semi-quantitative
visual assessment of CT-MPI using a per-person or a per-territory methodology. Given
the good per-patient SS (88.9%) and the moderately low negative likelihood ratio (0.19)
relative to 82Rb PET, using CT-MPI with a semi-quantitative visual per-person assess-
ment may be useful in ruling out functionally significant CAD, which would be espe-
cially valuable in those with a high pretest probability. On the other hand, a per-territory
assessment may be useful in ruling in functionally significant CAD given the moderate
SP (65.1%) and positive likelihood ratio (2.15), which would be valuable for those with
low pretest probabilities.

It is interesting to note a moderate agreement (weighted kappa 0.49) and a markedly
higher SS were recorded for CT-MPI reader A compared to reader B (88.9% vs 55.6%) on
a per-patient basis for identification of myocardial perfusion defects. This highlights the
issue of inter-reader variability in visual assessment of static CT-MPI. While this result
could possibly be explained by the difference in experience of the two CT-MPI readers
(Lubbers et al. 2011), it also highlights the need to further investigate visual assessment
methods that would reduce inter-reader variability. Nonetheless, the inter-reader vari-
ability in our study is reflective of the “real-world” scenario with CT-MPI image readers
of varying degrees of experience.

Static CT-MPI addresses a number of the limitations of other MPI modalities. The
wide availability of CT scanners compared to PET and CMR, the higher spatial resolu-
tion compared to SPECT, and the ability of CT-MPI to simultaneously provide infor-
mation regarding the functional significance and anatomical assessment of CAD in a
short examination duration place CT-MPI favorably compared to the other modalities
(Yang et al. 2017). Considering the relative ease with which a visual based semi-quanti-
tative MPI assessment can be integrated into a routine clinical practice, the use of such
methodology might prove beneficial to assess the functional significance of CAD. There
is emerging data on the added value of integrating CT-MPI with CCTA and FFR. to
provide incremental diagnostic accuracy, specifically in borderline lesions with FFR-
between 0.7 and 0.8 (Coenen et al. 2017; Pontone et al. 2019b). As per the 2020 Society
of Cardiovascular Computed Tomography expert consensus, the use of CT-MPI as an
adjunct for patients having CCTA is recommended for those at high risk of obstructive
CAD or if stenoses have indeterminate functional significance (Patel et al. 2020). Fur-
thermore, stress CT-MPI may be combined with FFR(r, as theoretically the former may
be more representative of the contribution of epicardial stenosis, microvascular disease
and myocardial mass to ischemia.

Multiple studies have compared FFRr with static CT-MPI in their ability to pro-
vide incremental diagnostic value to CCTA in detecting hemodynamically signifi-
cant stenoses. These studies have shown conflicting results, possibly due to differing
CT-MPI acquisition modalities, the type of scanners used and other study limita-
tions including small sample sizes (Pontone et al. 2019a; Yang et al. 2017; Guo et al.
2021; Ihdayhid et al. 2018; Ko et al. 2019). Furthermore, a recent meta-analysis by
Celeng et al. (2019), showed similar diagnostic performance of CT-MPI (SS 0.94,
95% CI 0.91-0.97; SP 0.48, 95% CI 0.37-0.59, n=3101) and FFR. (SS 0.83, 95% CI
0.71-0.92; SP 0.79, 95% CI 0.68—0.87, n=697) on a per-patient basis. CT-MPI can
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overcome FFR.r limitations such as requirement for off-site interpretation, evalua-
tion of coronary stents and epicardial vessels with complex plaque and anatomy. Fur-
thermore, FFR-1 uses CCTA images as boundary conditions for computation fluid
dynamic analysis of the coronary tree, and therefore the technique is impaired with
the presence of artifacts in the coronary artery images that limit coronary segmen-
tation, such as motion, steps, severe calcification or bypass grafts, factors that do
not affect the performance of CT-MPI. Thus, CCTA and CT-MPI can be performed
using a 64-detector width MDCT with static low dose protocol, FFR- evaluation
for CCTA datasets may not be feasible in a substantial number of cases (Rochitte
and Magalhdes 2019).

This study was a single-center, prospective study with a limited sample size and
hence, studies in larger cohorts are needed to validate our findings. The large patient
size in the study (average BMI 30.8 +6.7), the use of 64-detector row CT scan-
ner and a low radiation dose protocol using prospective ECG-gated rest and stress
acquisitions may have affected CT results unfavorably. However, despite these tech-
nical limitations, our study shows that CT-MPI is feasible and has good accuracy.
We used a “rest-first” protocol for CT-MPI which could preclude our ability to iden-
tify low-attenuation perfusion defects, since iodine contrast can be retained in small
subendocardial infarcts (increasing myocardial density) and theoretically decrease
the sensitivity to detect perfusion defects in the stress phase (Koo et al. 2016). How-
ever, contrast contamination is likely to affect results for short inter-scan intervals of
less than approximately 20 min. In our study an interval of 20 min was used, which
should have been sufficient to allow for adequate washout of most of the myocardial
contrast. Furthermore, theophyllines were withheld for 24 h more for 8*Rb PET-MPI
than CT-MPI in our study. The difference in duration of withholding theophyllines
prior to 82Rb PET-MPI and CT-MPI in our study was driven by our local protocol.
As the duration in both cases was 24 h or more (i.e. minimum required), additional
24 h of theophylline free period prior to 82Rb PET-MPI would have not caused any
significant effect on study results (Salcedo and Kern 2009). Metoprolol was given
orally before the rest CT-MPI. This may have caused some reduction in CT-MPI
sensitivity.

Lastly, our study used ®*Rb tracer for PET, which has a lower image resolution, a
lower myocardial extraction fraction compared to Oxygen-15 water tracer (Maddahi
and Packard 2014). However, given the need for an onsite-cyclotron for producing
Oxygen-15 water tracers, most PET-MPIs are performed using Rb tracers (Takx
et al. 2015) thus, reiterating the value of our study for current clinical practice. To
our knowledge, nitrogen-13-ammonia PET has not been compared to CT-MPI.

Conclusions

In conclusion, CT-MPI has high sensitivity and good overall accuracy for the diag-
nosis of functionally significant CAD using **Rb PET-MPI as the reference standard.
CT-MPI may play an important role in assessing the functional significance of CAD
especially in combination with CCTA because of its high availability.
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Appendix 1: Likert scores (1 to 5) of image quality and reader’s confidence
for CT-MPI

M Rest M Stress MW Reader's confidence
59%
64%
34%
30%32% .
25% 20% - 18%
- ” o I I
H m -
1 2 3 4 5
1 2 3 4 5 . .
. . . Likert scores of reader's confidence
Likert scores of image quality

Appendix 2: CT-MPI artifacts and distribution according to segments
and coronary territories

Rest Stress p* LAD LCx RCA pr*
No artifacts 643 (86) 545 (73) <000.1 717 (81) 222(84) 249(71) 0.002
Artifacts 105 (14) 203 (27) <000.1 163 (19) 42(16) 103(29) 0.002
Beam hardening 60 (8) 43 (6) 0.08  394) 9(3) 55(16) <000.1
Motion 3(0) 40(5) <000.1 24(3) 7(3) 12(3) 0.56
Step artifact 30(4) 41(5) 0.18  47(5) 10(4) 14(4) 0.25
Noise 12(2) 79(11) <000.1 53(6) 16(16) 22(6) 0.89

N=17 segments x 44 studies = 748; number of findings (%)

LAD left descending coronary artery; LCx circumflex coronary artery; RCA right coronary artery

LAD (1,2,7,8,12,13-17 segments), LCx (5,6,11 segments), and RCA (3,4,9,10 segments) according to 17-segment model
p* Chi-squared test between Rest and Stress; P** Chi-squared test for trend between LAD, LCx and RCA

Appendix 3: CT-MPI artifacts and distribution

® beam hardening = motion m beam hardening = motion M step artifact ® noise

W step artifact H noise 16%
11%

8%

6% 5% 5%
6% 6%

0/
4% 5% 6%
4% 9
3% 3% 3% > 3% -
2% ] 0
i | I | I I
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Rest Stress LA

LAD = left descending coronary artery; LCx = circumflex coronary artery; RCA = right
coronary artery

Page 15 of 18



Inacio et al. European Journal of Hybrid Imaging (2022) 6:1 Page 16 of 18

Abbreviations

AUC: Area under the receiver operating characteristic curve; CAD: Coronary artery disease; CT: Computed tomography;
CCTA: Coronary computed tomography angiography; ECG: Electrocardiogram; FFR: Fractional flow reserve; FFRCT

- Fraction flow reserve derived from computed tomography; HU: Hounsfield unit; LV: Left ventricle; MBF: Myocardial
blood flow; MPI: Myocardial perfusion imaging; PET: Positron emission computed tomography; ROC: Receiver operating
characteristic curve; SPECT: Single photon emission tomography; SRS: Summed rest score; SSS: Summed stress score;
TPD: Total perfusion deficit; ICA: Invasive coronary angiography.

Acknowledgements
None.

Authors’ contributions

JRI contributed with image analysis, interpretation of results, and drafted & revised the manuscript. SBS contributed

with interpretation of results, and drafted and revised the manuscript. TDR, RAD, FR and RSBB advised on the analytical
plan and contributed to interpretation of results and revision of manuscript. BJWC and GD conceived the study and also
contributed by interpretation of images and revised the manuscript. All authors read and approved the final manuscript.

Funding

At the time of data collection and analysis, GD was supported by the CIHR new investigator salary support and Bant-
ing PDF awards. Rob S. B. Beanlands is a Career Investigator supported by the Heart and Stroke Foundation of Ontario
(HSFO), a Tier 1 Chair in Cardiac Imaging Research at the University of Ottawa and Vered Chair in Cardiology at the
University of Ottawa Heart Institute. BJWC holds the Saul and Edna Goldfarb Chair in Cardiac Imaging Research.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable
request.

Declarations

Ethics approval and consent to participate
The study was approved by our institutional review board (Ottawa Health Science Network Research Ethics Board), and
all patients provided written informed consent for inclusion and data analysis.

Consent for publication
Not applicable.

Competing interests

JRI'and SBS have nothing to disclose. TDR has research grants from GE HealthCare and Advanced Accelerator Applica-
tions. RAD reports grants, consulting fees, and license revenues from Jubilant Draximage, outside the submitted work.
RSBB reports grants and honoraria from Lantheus Medical Imaging, grants and honoraria from Jubilant Draximage,

and grants from GE Healthcare, outside the submitted work. RSBB is a Career Investigator supported but the Heart and
Stroke Foundation of Ontario and a Tier 1 Research Chair supported by the University of Ottawa. BJWC receives research
support from CV Diagnostix, AusculSciences and Siemens and educational support from TeraRecon Inc. He has equity
interest in General Electric. FJR is the Medical Director of Imagia Cybernetics. There is no conflict with respect to this
publication. GD provides consultancy support and has equity interest in Artrya Ltd. There is no conflict with respect to
this publication.

Author details

'Department of Radiology, The Ottawa Hospital, University of Ottawa Research Institute, University of Ottawa, Ottawa,
Canada. “Centro Hospitalar Universitério Lisboa Norte, Lisbon, Portugal. 3Medical School, Harry Perkins Institute of Medi-
cal Research, The University of Western Australia, Perth, Australia. “Division of Cardiology, Department of Medicine,
University of Ottawa Heart Institute, Ottawa, Canada. 5Departmem of Radiology, University of Cincinnati, Cincinnati, OH,
USA. °Imagia, Montreal, QC, Canada. Department of Advanced Clinical and Translational Cardiovascular Imaging, Harry
Perkins Institute of Medical Research and Fiona Stanley Hospital, Murdoch, Australia.

Received: 11 September 2021 Accepted: 3 November 2021
Published online: 04 January 2022

References

Abbara S, Blanke P, Maroules CD et al (2016) SCCT guidelines for the performance and acquisition of coronary computed
tomographic angiography: a report of the Society of Cardiovascular Computed Tomography Guidelines Commit-
tee: Endorsed by the North American Society for Cardiovascular Imaging (NASCI). J Cardiovasc Comput Tomogr
10:435-449. https://doi.org/10.1016/j.jcct.2016.10.002

Bettencourt N, Chiribiri A, Schuster A et al (2013) Direct comparison of cardiac magnetic resonance and multidetector
computed tomography stress-rest perfusion imaging for detection of coronary artery disease. J Am Coll Cardiol
61:1099-1107. https://doi.org/10.1016/jjacc.2012.12.020

Blankstein R, Rogers IS, Cury RC (2009) Practical tips and tricks in cardiovascular computed tomography: diagnosis of
myocardial infarction. J Cardiovasc Comput Tomogr 3:104-111. https://doi.org/10.1016/},jcct.2008.10.014

Budoff MJ, Dowe D, Jollis JG et al (2008) Diagnostic performance of 64-multidetector row coronary computed tomo-
graphic angiography for evaluation of coronary artery stenosis in individuals without known coronary artery


https://doi.org/10.1016/j.jcct.2016.10.002
https://doi.org/10.1016/j.jacc.2012.12.020
https://doi.org/10.1016/j.jcct.2008.10.014

Inacio et al. European Journal of Hybrid Imaging (2022) 6:1 Page 17 of 18

disease: results from the prospective multicenter ACCURACY (Assessment by Coronary Computed Tomographic
Angiography of Individuals Undergoing Invasive Coronary Angiography) trial. J Am Coll Cardiol 52:1724-1732.
https://doi.org/10.1016/jjacc.2008.07.031

Celeng C, Leiner T, Maurovich-Horvat P et al (2019) Anatomical and functional computed tomography for diagnosing
hemodynamically significant coronary artery disease: a meta-analysis. JACC Cardiovasc Imaging 12:1316-1325.
https://doi.org/10.1016/jjcmg.2018.07.022

Cerqueira MD, Weissman NJ, Dilsizian V et al (2002) Standardized myocardial segmentation and nomenclature for tomo-
graphic imaging of the heart. a statement for healthcare professionals from the Cardiac Imaging Committee of the
Council on Clinical Cardiology of the American Heart Association. Circulation 105:539-542

Chow BJW, Wells GA, Chen L et al (2010) Prognostic value of 64-slice cardiac computed tomography: severity of coronary
artery disease, coronary atherosclerosis, and left ventricular ejection fraction. J Am Coll Cardiol 55:1017-1028.
https://doi.org/10.1016/jjacc.2009.10.039

Coenen A, Rossi A, Lubbers MM et al (2017) Integrating CT myocardial perfusion and CT-FFR in the work-up of coronary
artery disease. JACC Cardiovasc Imaging 10:760-770. https://doi.org/10.1016/jjcmg.2016.09.028

Cury RC, Magalhdes TA, Borges AC et al (2010) Dipyridamole stress and rest myocardial perfusion by 64-detector row
computed tomography in patients with suspected coronary artery disease. Am J Cardiol 106:310-315. https://doi.
0rg/10.1016/j.amjcard.2010.03.025

Danad I, Szymonifka J, Schulman-Marcus J, Min JK (2016) Static and dynamic assessment of myocardial perfusion by
computed tomography. Eur Heart J Cardiovasc Imaging 17:836-844. https://doi.org/10.1093/ehjci/jew044

Dantas RN, Assuncao AN, Marques IA et al (2018) Myocardial perfusion in patients with suspected coronary artery
disease: comparison between 320-MDCT and rubidium-82 PET. Eur Radiol 28:2665-2674. https://doi.org/10.1007/
s00330-017-5257-2

De Bruyne B, Pijls NHJ, Kalesan B et al (2012) Fractional flow reserve-guided PCl versus medical therapy in stable coronary
disease. N Engl J Med 367:991-1001. https://doi.org/10.1056/NEJMoa1205361

Di Carli MF, Dorbala S, Curillova Z et al (2007) Relationship between CT coronary angiography and stress perfusion
imaging in patients with suspected ischemic heart disease assessed by integrated PET-CT imaging. J Nucl Cardiol
14:799-809. https://doi.org/10.1016/j.nuclcard.2007.07.012

Eck BL, Fahmi R, Levi J et al (2016) Comparison of quantitative myocardial perfusion imaging CT to fluorescent
microsphere-based flow from high-resolution cryo-images. Proc SPIE Int Soc Opt Eng 9788:97882F. https://doi.org/
10.1117/12.2217027

Gaemperli O, Schepis T, Valenta | et al (2008) Functionally relevant coronary artery disease: comparison of 64-section CT
angiography with myocardial perfusion SPECT. Radiology 248:414-423. https://doi.org/10.1148/radiol.2482071307

Guo W, LinY, Taniguchi A et al (2021) Prospective comparison of integrated on-site CT-fractional flow reserve and static
CT perfusion with coronary CT angiography for detection of flow-limiting coronary stenosis. Eur Radiol 31:5096—
5105. https://doi.org/10.1007/500330-020-07508-y

Gupta M, Kadakia J, Jug B et al (2013) Detection and quantification of myocardial perfusion defects by resting single-
phase 64-slice cardiac computed tomography angiography compared with SPECT myocardial perfusion imaging.
Coron Artery Dis 24:290-297. https://doi.org/10.1097/MCA.0b013e32835f2fe5

Hachamovitch R, Hayes SW, Friedman JD et al (2003) Comparison of the short-term survival benefit associated with
revascularization compared with medical therapy in patients with no prior coronary artery disease undergoing
stress myocardial perfusion single photon emission computed tomography. Circulation 107:2900-2907. https://doi.
org/10.1161/01.CIR.0000072790.23090.41

Han D, Lee JH, Rizvi A et al (2018) Incremental role of resting myocardial computed tomography perfusion for predicting
physiologically significant coronary artery disease: a machine learning approach. J Nucl Cardiol 25:223-233. https://
doi.org/10.1007/512350-017-0834-y

Ihdayhid AR, Sakaguchi T, Linde JJ et al (2018) Performance of computed tomography-derived fractional flow reserve
using reduced-order modelling and static computed tomography stress myocardial perfusion imaging for detec-
tion of haemodynamically significant coronary stenosis. Eur Heart J Cardiovasc Imaging 19:1234-1243. https://doi.
org/10.1093/ehjci/jey114

Iwasaki K, Matsumoto T (2011) Myocardial perfusion defect in patients with coronary artery disease demonstrated by
64-multidetector computed tomography at rest. Clin Cardiol 34:454-460. https://doi.org/10.1002/clc.20908

Jaarsma C, Leiner T, Bekkers SC et al (2012) Diagnostic performance of noninvasive myocardial perfusion imaging using
single-photon emission computed tomography, cardiac magnetic resonance, and positron emission tomography
imaging for the detection of obstructive coronary artery disease: a meta-analysis. J Am Coll Cardiol 59:1719-1728.
https://doi.org/10.1016/jjacc.2011.12.040

Jiménez-Navarro M, Alonso-Briales JH, Hernandez Garcia MJ et al (2001) Measurement of fractional flow reserve to
assess moderately severe coronary lesions: correlation with dobutamine stress echocardiography. J Interv Cardiol
14:499-504

Kachenoura N, Gaspar T, Lodato JA et al (2009) Combined assessment of coronary anatomy and myocardial perfusion
using multidetector computed tomography for the evaluation of coronary artery disease. Am J Cardiol 103:1487-
1494. https://doi.org/10.1016/j.amjcard.2009.02.005

Kikuchi Y, Oyama-Manabe N, Naya M et al (2014) Quantification of myocardial blood flow using dynamic 320-row multi-
detector CT as compared with 150-H20 PET. Eur Radiol 24:1547-1556. https://doi.org/10.1007/500330-014-3164-3

Ko BS, Linde JJ, Ihdayhid AR et al (2019) Non-invasive CT-derived fractional flow reserve and static rest and stress CT myo-
cardial perfusion imaging for detection of haemodynamically significant coronary stenosis. Int J Cardiovasc Imaging
35:2103-2112. https://doi.org/10.1007/510554-019-01658-x

Koo HJ, Yang DH, Kim Y-H et al (2016) CT-based myocardial ischemia evaluation: quantitative angiography, translumi-
nal attenuation gradient, myocardial perfusion, and CT-derived fractional flow reserve. Int J Cardiovasc Imaging
32(Suppl 1):1-19. https://doi.org/10.1007/510554-015-0825-5

Litt HI, Gatsonis C, Snyder B et al (2012) CT angiography for safe discharge of patients with possible acute coronary
syndromes. N Engl J Med 366:1393-1403. https://doi.org/10.1056/NEJM0oa1201163


https://doi.org/10.1016/j.jacc.2008.07.031
https://doi.org/10.1016/j.jcmg.2018.07.022
https://doi.org/10.1016/j.jacc.2009.10.039
https://doi.org/10.1016/j.jcmg.2016.09.028
https://doi.org/10.1016/j.amjcard.2010.03.025
https://doi.org/10.1016/j.amjcard.2010.03.025
https://doi.org/10.1093/ehjci/jew044
https://doi.org/10.1007/s00330-017-5257-2
https://doi.org/10.1007/s00330-017-5257-2
https://doi.org/10.1056/NEJMoa1205361
https://doi.org/10.1016/j.nuclcard.2007.07.012
https://doi.org/10.1117/12.2217027
https://doi.org/10.1117/12.2217027
https://doi.org/10.1148/radiol.2482071307
https://doi.org/10.1007/s00330-020-07508-y
https://doi.org/10.1097/MCA.0b013e32835f2fe5
https://doi.org/10.1161/01.CIR.0000072790.23090.41
https://doi.org/10.1161/01.CIR.0000072790.23090.41
https://doi.org/10.1007/s12350-017-0834-y
https://doi.org/10.1007/s12350-017-0834-y
https://doi.org/10.1093/ehjci/jey114
https://doi.org/10.1093/ehjci/jey114
https://doi.org/10.1002/clc.20908
https://doi.org/10.1016/j.jacc.2011.12.040
https://doi.org/10.1016/j.amjcard.2009.02.005
https://doi.org/10.1007/s00330-014-3164-3
https://doi.org/10.1007/s10554-019-01658-x
https://doi.org/10.1007/s10554-015-0825-5
https://doi.org/10.1056/NEJMoa1201163

Inacio et al. European Journal of Hybrid Imaging (2022) 6:1 Page 18 of 18

Lubbers DD, Kuijpers D, Bodewes R et al (2011) Inter-observer variability of visual analysis of “stress”-only adenosine first-
pass myocardial perfusion imaging in relation to clinical experience and reading criteria. Int J Cardiovasc Imaging
27:557-562. https://doi.org/10.1007/510554-010-9703-3

Maddahi J, Packard RRS (2014) Cardiac PET perfusion tracers: current status and future directions. Semin Nucl Med
44:333-343. https://doi.org/10.1053/j.semnuclmed.2014.06.011

Mc Ardle BA, Dowsley TF, deKemp RA et al (2012) Does rubidium-82 PET have superior accuracy to SPECT perfusion
imaging for the diagnosis of obstructive coronary disease? a systematic review and meta-analysis. J Am Coll Cardiol
60:1828-1837. https://doi.org/10.1016/jjacc.2012.07.038

Meijpoom WB, Van Mieghem CAG, van Pelt N et al (2008) Comprehensive assessment of coronary artery stenoses:
computed tomography coronary angiography versus conventional coronary angiography and correlation with
fractional flow reserve in patients with stable angina. J Am Coll Cardiol 52:636-643. https://doi.org/10.1016/jjacc.
2008.05.024

Meinel FG, De Cecco CN, Schoepf UJ et al (2013) First-Arterial-pass dual-energy CT for assessment of myocardial blood
supply: Do we need rest, stress, and delayed acquisition? Comparison with SPECT. Radiology 270:708-716. https://
doi.org/10.1148/radiol.13131183

Miller JM, Rochitte CE, Dewey M et al (2008) Diagnostic performance of coronary angiography by 64-row CT. N Engl J
Med 359:2324-2336. https://doi.org/10.1056/NEJM0a0806576

Osawa K, Miyoshi T, Koyama Y et al (2014) Additional diagnostic value of first-pass myocardial perfusion imaging without
stress when combined with 64-row detector coronary CT angiography in patients with coronary artery disease.
Heart 100:1008-1015. https://doi.org/10.1136/heartjnl-2013-305468

Osawa K, Miyoshi T, Miki T et al (2016) Diagnostic performance of first-pass myocardial perfusion imaging without stress
with computed tomography (CT) compared with coronary CT angiography alone, with fractional flow reserve as
the reference standard. PLoS ONE 11:e0149170. https://doi.org/10.1371/journal.pone.0149170

Patel AR, Bamberg F, Branch K et al (2020) Society of cardiovascular computed tomography expert consensus document
on myocardial computed tomography perfusion imaging. J Cardiovasc Comput Tomogr 14:87-100. https://doi.org/
10.1016/j,jcct.2019.10.003

Pijls NH, De Bruyne B, Peels K et al (1996) Measurement of fractional flow reserve to assess the functional severity of
coronary-artery stenoses. N Engl J Med 334:1703-1708. https://doi.org/10.1056/NEJM199606273342604

Pontone G, Baggiano A, Andreini D et al (2019a) Stress computed tomography perfusion versus fractional flow reserve
CT derived in suspected coronary artery disease: the PERFECTION study. JACC Cardiovasc Imaging 12:1487-1497.
https://doi.org/10.1016/jjcmg.2018.08.023

Pontone G, Baggiano A, Andreini D et al (2019b) Dynamic stress computed tomography perfusion with a whole-heart
coverage scanner in addition to coronary computed tomography angiography and fractional flow reserve com-
puted tomography derived. J Am Coll Cardiol Img 12:2460-2471. https://doi.org/10.1016/jjcmg.2019.02.015

Rochitte CE, Magalhées TA (2019) Functional significance of coronary stenosis: Is it about the real or virtual physiology?
JACC Cardiovasc Imaging 12:1498-1500. https://doi.org/10.1016/}jcmg.2018.09.005

Salcedo J, Kern MJ (2009) Effects of caffeine and theophylline on coronary hyperemia induced by adenosine or dipyrida-
mole. Catheter Cardiovasc Interv 74:598-605. https://doi.org/10.1002/ccd.22030

Takx RAP, Blomberg BA, Aidi HE et al (2015) Diagnostic accuracy of stress myocardial perfusion imaging compared to
invasive coronary angiography with fractional flow reserve meta-analysis. Circ Cardiovasc Imaging 8:¢002666.
https://doi.org/10.1161/CIRCIMAGING.114.002666

Tamarappoo BK, Dey D, Nakazato R et al (2010) Comparison of the extent and severity of myocardial perfusion defects
measured by CT coronary angiography and SPECT myocardial perfusion imaging. JACC Cardiovasc Imaging
3:1010-1019. https://doi.org/10.1016/jjcmg.2010.07.011

Williams MC, Mirsadraee S, Dweck MR et al (2017) Computed tomography myocardial perfusion vs (15)O-water
positron emission tomography and fractional flow reserve. Eur Radiol 27:1114-1124. https://doi.org/10.1007/
s00330-016-4404-5

Yang DH, Kim Y-H, Roh JH et al (2017) Diagnostic performance of on-site CT-derived fractional flow reserve versus CT
perfusion. Eur Heart J Cardiovasc Imaging 18:432-440. https://doi.org/10.1093/ehjci/jew094

Ziadi MC, Dekemp RA, Williams KA et al (2011) Impaired myocardial flow reserve on rubidium-82 positron emission
tomography imaging predicts adverse outcomes in patients assessed for myocardial ischemia. J Am Coll Cardiol
58:740-748. https://doi.org/10.1016/jjacc.2011.01.065

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s10554-010-9703-3
https://doi.org/10.1053/j.semnuclmed.2014.06.011
https://doi.org/10.1016/j.jacc.2012.07.038
https://doi.org/10.1016/j.jacc.2008.05.024
https://doi.org/10.1016/j.jacc.2008.05.024
https://doi.org/10.1148/radiol.13131183
https://doi.org/10.1148/radiol.13131183
https://doi.org/10.1056/NEJMoa0806576
https://doi.org/10.1136/heartjnl-2013-305468
https://doi.org/10.1371/journal.pone.0149170
https://doi.org/10.1016/j.jcct.2019.10.003
https://doi.org/10.1016/j.jcct.2019.10.003
https://doi.org/10.1056/NEJM199606273342604
https://doi.org/10.1016/j.jcmg.2018.08.023
https://doi.org/10.1016/j.jcmg.2019.02.015
https://doi.org/10.1016/j.jcmg.2018.09.005
https://doi.org/10.1002/ccd.22030
https://doi.org/10.1161/CIRCIMAGING.114.002666
https://doi.org/10.1016/j.jcmg.2010.07.011
https://doi.org/10.1007/s00330-016-4404-5
https://doi.org/10.1007/s00330-016-4404-5
https://doi.org/10.1093/ehjci/jew094
https://doi.org/10.1016/j.jacc.2011.01.065

	Static CT myocardial perfusion imaging: image quality, artifacts including distribution and diagnostic performance compared to 82Rb PET
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Patients and study protocol
	CT-MPI protocol
	Patient preparation
	Image acquisition
	CT-MPI image reconstruction
	Interpretation of myocardial perfusion on CT-MPI
	Visual assessment of perfusion deficit on CT-MPI

	82Rb PET imaging
	Statistical analysis

	Results
	Patient and studies characteristics
	CT-MPI image quality and artifacts
	CT-MPI diagnostic performance compared to 82Rb PET MPI
	CT-MPI and 82Rb PET-MPI agreements: measurements of TPD and ischemic TPD

	Discussion
	Conclusions
	Acknowledgements
	References


