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Background: Coronary artery disease (CAD) and coronary microvascular disease (CMD) are significant contrib-
utors to angina pectoris, necessitating reliable diagnostic techniques for effective management. While positron
emission tomography has been the non-invasive gold standard for myocardial blood flow (MBF) quantification,
stress dynamic CT myocardial perfusion imaging (CTMPI) has emerged as a promising alternative. This study
aimed to evaluate the test-retest reproducibility of MBF measurements obtained using dynamic CTMPI.
Methods: The study retrospectively analyzed MBF values from two dynamic CTMPI examinations conducted in
the same patient cohort (n = 30) to examine the consistency of MBF quantification and the ability to visually
detect and grade abnormal perfusion suggesting ischemia between the tests. Global and remote MBF were
defined as the mean MBF and the maximum MBF of all segments, respectively.

Results: MBF quantification revealed strong linear correlations between the tests (r = 0.89 for global MBF, r =
0.88 for remote MBF, and r = 0.82 for all segments), and intraclass correlation coefficients reflected high
agreement between the tests (0.94 for global MBF, 0.93 for remote MBF, and 0.90 for all segments). Bland-
Altman plots indicated a negligible mean difference with acceptable limits of agreements between the tests
for global MBF, remote MBF, and all segments. Visual assessment of the CTMPI maps for abnormal perfusion
suggesting ischemia yielded a good inter-test agreement with a weighted kappa value of 0.80.

Conclusion: Dynamic CTMPI can consistently reproduce absolute MBF values and reliably detect myocardial
perfusion abnormalities, potentially making it a robust diagnostic tool for evaluating the presence and severity of
CAD and CMD.

1. Introduction

Angina pectoris is a syndrome characterized by chest pain resulting
from myocardial ischemia [1]. It not only reduces the quality of life but
also leads to serious events such as acute coronary syndromes and
sudden death from fatal arrhythmias [2]. Historically, the atheroscle-
rotic narrowing of epicardial coronary arteries has been considered as a
primary cause of angina. However, many patients display angina-like
symptoms without significant stenotic lesions on coronary angiog-
raphy. Furthermore, some patients with coronary stenosis still

experience chest pain even after coronary revascularization [3]. Thus,
the etiology of angina pectoris is not limited to the narrowing of
epicardial coronary arteries alone, indicating that ischemia might also
arise from other mechanisms.

The coronary vasculature includes epicardial arteries, prearteriolar
vessels, arterioles, and capillaries. Coronary microvascular disease
(CMD) affects the smaller components of this system—the arterioles and
capillaries—resulting in myocardial ischemia even without significant
epicardial coronary artery disease [4]. The pathophysiology of CMD
encompasses endothelial dysfunction, abnormal vasodilation, or

Abbreviations: CAD, coronary artery disease; CFR, coronary flow reserve; CT, computed tomography; CTMPI, computed tomography myocardial perfusion im-
aging; CMD, coronary microvascular disease; IMR, index of microcirculatory resistance; MBF, myocardial blood flow; MPI, myocardial perfusion imaging; PET,

positron emission tomography.
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microvascular spasm, all of which impair blood flow and oxygen de-
livery to the myocardium [5]. It is reported that 17 % of patients with
chest pain symptoms have CMD, with no significant stenosis in the
epicardial vessels as detected by invasive coronary angiography [6].
Accurate CMD diagnosis might be helpful for making the appropriate
choice of treatment and avoiding unnecessary percutaneous coronary
interventions.

Despite carrying a greater volume of myocardial blood flow than the
epicardial vessels, the coronary microvasculature is challenging to
visualize directly. Instead, its function is inferred from measurements of
microcirculatory resistance using invasive catheterization or from
myocardial blood flow (MBF) as determined by non-invasive stress im-
aging [5]. Consequently, when assessing CMD non-invasively, quanti-
fying MBF through stress imaging is critical to determine the presence or
absence of CMD. Positron emission tomography (PET) is known as the
non-invasive gold standard for MBF quantification, providing repro-
ducible MBF and myocardial flow reserve measurements with high
diagnostic value [7].

Recent advances have made cardiac CT an alternative modality for
estimating MBF non-invasively. Stress dynamic CT myocardial perfusion
imaging (CTMPI) allows for the detection of hemodynamic significant
stenosis though the quantification of MBF [8]. Importantly, dynamic
CTMPI, when combined with coronary CT angiography (CCTA), pro-
vides simultaneous information on coronary anatomy and myocardial
perfusion, clarifying the hemodynamic status for CAD on CCTA [9,10].
In addition to assessing CAD, dynamic CTMPI might be helpful in pa-
tients without significant stenosis to detect the presence or absence of
CMD which appears as reduced absolute MBF. However, consistent and
reproducible measurements of MBF by dynamic CTMPI may be essential
for detecting abnormal perfusion, whether due to CAD or CMD. Unless
MBF assessed by dynamic CTMPI could be consistently measured as
reproducible absolute values across multiple tests, it could not serve as a
critical indicator for the evaluation of ischemia due to CAD as well as
CMD. Nevertheless, the reproducibility of quantitative MBF values ac-
quired through dynamic CTMPI is scarcely documented. This study
aimed to evaluate the test-retest reproducibility of MBFs obtained from
two dynamic CTMPI exams performed in the same patient.

2. Methods
2.1. Study design

The study included 120 patients aged 45-85 with suspected or
known CAD who underwent two comprehensive cardiac CTs between
August 2014 and July 2020 at Mie university hospital. Of those patients,
we excluded 90 patients who had coronary interventions between the
two cardiac tests (n = 46), persistent atrial fibrillation (n = 30), the use
of adenosine triphosphate (ATP) dose other than 200 pg/kg/min in the
cardiac CTs (n = 10), and non-diagnostic dynamic CTMPI images due to
severe artifacts (n = 4). Therefore 30 patients comprised the final study
population. The median interval between the two tests was 795 days
(interquartile range, 543 to 1068 days). None of the patients experi-
enced cardiovascular events or developed new chest pain during this
period. The institutional review board in our hospital approved the
protocols for this retrospective study and waived the need to obtain
individual consent based on the retrospective design.

2.2. Image acquisition

Patients were required to be fasting for at least 4 h and abstain from
caffeine at least 12 h before the CT examination. The patient lied supine
in the scanner and attached to an electrocardiogram (ECG) monitor and
automated blood pressure monitor. Two 20-22 gauge IV lines, one for
contrast agent administration in the right antecubital vein and a second
for ATP administration in the left antecubital vein were placed. After
anteroposterior and lateral topograms, unenhanced CT images for
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coronary artery calcium scoring were performed using prospectively
ECG triggered high-pitch spiral scan with tube voltage of 120 kV. Then,
second unenhanced CT images for extracellular volume estimation for
future analysis were acquired.

After the unenhanced CT scan, during the administration of 20 mg of
ATP at 200 pg/kg/min for >3 min, scan acquisition of dynamic CTMPI
was initiated by injecting 40 mL of iopamidol with an iodine concen-
tration of 370 mg/mL at a flow rate of 5 mL/s, followed by a 40 mL
saline flush. Dynamic datasets were acquired in the end-systolic phase
(triggered at 250 msec after the R wave) for 30 s via ECG-triggered axial
scan mode repeated at two alternating table positions (i.e. “shuttle
mode™) to obtain a z-axis coverage of 73 mm or 105 mm for the second-
or third-generation scanner, respectively. The acquisition parameters of
dynamic CTMPI in the 2nd or 3rd-generation scanner were as follows:
collimation = 32 x 1.2 or 48 x 1.2 mm, rotation time = 0.28 or 0.25 s,
and tube voltage = 80 or 70 kV, respectively. Tube current was deter-
mined using an automatic exposure control system with a quality
reference of 350 at 120 kV or 300 mAs/rotation at 80 kV. After
completing data acquisition, ATP administration was stopped. ECG,
blood pressure, and arterial oxygen saturation were monitored and
recorded throughout the procedure.

Ten minutes after dynamic stress CTMPI, standard prospective CCTA
was performed at rest by bolus injection of 26mgl/kg/sec of iopamidol
over 12 s with the coronary arteries dilated with a nitrate. Heart rate was
controlled before CCTA with intravenous injection of landiolol hydro-
chloride (Corebeta, Ono Pharmaceutical Co., Ltd, Osaka, Japan), if
necessary. The acquisition parameters of CCTA in the 2nd or 3rd-gener-
ation scanner were as follows: collimation =128 x 0.6 or 192 x 0.6 mm,
rotation time = 0.28 or 0.25 s, and tube voltage = automated tube
voltage selection by CARE kV (Siemens Healthineers, Germany),
respectively. Tube current was determined using the automatic exposure
control system with the quality reference of 350 or 300 mAs/rotation at
120 kV. Axial images of CCTA were reconstructed with the smooth
kernel (126 or Br40) and iterative reconstruction technique (strength 3,
SAFIRE or ADMIRE, Siemens). Reconstructed thickness and increments
were 0.6 mm and 0.3 mm, respectively.

2.3. Image analysis

The analysis of dynamic CTMPI images was performed using
commercially available perfusion software (Syngo VPCT body, Siemens
Healthcare). MBF was estimated using a dedicated parametric decon-
volution technique, based on a 2-compartment model of the intravas-
cular and extravascular spaces. The maximum slope of time attenuation
curves fitted for every voxel was used to generate a MBF map of 3 mm
thickness and 1 mm increments. Polygonal regions of interest that
measured 1 to 2 cm? were placed within the endocardial and epicardial
sides in the 16 myocardial segments (according to the American Heart
Association), excluding an apical segment, in the short-axis view on the
MBF map. Global MBF was defined as a mean value of MBFs in all
segments. Remote MBF was defined as the maximum MBF among the
endocardial and epicardial MBFs of the 16 myocardial segments. The
presence and severity of abnormal perfusion that suggests myocardial
ischemia on the MBF map were assessed visually for each of 16
myocardial segments by two radiologists with more than 10 years of
experience in dynamic CTMPI in a joint reading based on a four-point
scale (Fig. 1): Grade 0 = normal; Grade 1 = mildly abnormal, not sug-
gestive of ischemia; Grade 2 = moderately abnormal, potentially sug-
gestive of ischemia; and Grade 3 = severely abnormal, strongly
suggestive of ischemia. When evaluating abnormal perfusion suggestive
of ischemia within each myocardial segment, the observers focused on
visually assessing the relative distribution of myocardial perfusion
across the segments, rather than relying on the absolute MBF values of
individual segments.

CCTA images were visually evaluated by two radiologists with more
than 10 years of experience in CCTA in a joint reading. Coronary
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Fig. 1. Examples of a four-point scale for assessing abnormal perfusion that
suggest myocardial ischemia on the MBF map. Grade 0 = normal; Grade 1 =
mildly abnormal, not suggestive of ischemia; Grade 2 = moderately abnormal,
potentially suggestive of ischemia; and Grade 3 = severely abnormal, strongly
suggestive of ischemia. MBF=myocardial blood flow.

segments with a reference diameter >1.5 mm were assessed for the
detection of stenosis. Severity of CAD on CTA was ranked by the Coro-
nary Artery Disease-Reporting and Data System (CAD-RADS): 0 (0 %), 1
(1 % to 24 %), 2 (25 % to 49 %), 3 (50 % to 69 %), 4A (70 % t0 99 % in 1
to 2 vessels), 4B (70 % to 99 % in 3 vessels or >50 % left main), or 5
(100 %).

2.4. Statistical analysis

Continuous variables are presented as mean =+ SD, while categorical
variables are expressed as frequency (percentage). The relationships
between 1st and 2nd MBFs were assessed using Pearson correlation
coefficient and linear regression analysis. The degree of agreement be-
tween 1st and 2nd MBFs was evaluated according to the Bland-Altman
method and intraclass correlation coefficient (ICC). The agreement of
the abnormal perfusion assessments between the two dynamic CTMPI
exams was investigated using weighted kappa. All analyses were con-
ducted using the R statistical software, version 3.4.4 (R Foundation for
Statistical Computing).

3. Results
3.1. Patient characteristics

Tablel summarized characteristics of the 30 patients, with nearly
half being male (47 %). The mean age was 70 + 7 years and the body
mass index 23 + 3. Many of these patients have coronary risk factors,
with 73 % having hypertension, 83 % dyslipidemia, 40 % diabetic, and
37 % a history of smoking. Additionally, 43 % of the patients have a
history of myocardial infarction, and a high prevalence of prior coronary
revascularization is observed at 87 %, mostly through percutaneous
coronary intervention only (80 %). The mean time from the last revas-
cularization to the first CTMPI was 5.9 + 4.8 years. Symptoms included
typical (23 %), atypical (10 %) chest pain and dyspnea (10 %).
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Table 1
Patient characteristics.

Characteristic All patients
(n =30)
Male 14 (47)
Age (mean + SD) 70 £7
Body mass index (mean + SD) 23 +3
Coronary risk factors
Hypertension 22 (73)
Dyslipidemia 25 (83)
Diabetes 12 (40)
Smoking history 11 (37)
History of myocardial infarction 13 (43)
Prior coronary revascularization 26 (87)
PCI only 24 (80)
CABG only 13)
Both 1(3)
Time (year) from last revascularization to 1st CTMPI (mean + SD) 5.9+ 4.8
Symptom
Typical chest pain 7 (23)
Atypical chest pain 3(10)
Dyspnea 3(10)
Echocardiography
Left ventricular ejection fraction (mean + SD) 68 +7
Left ventricular wall motion abnormality 9 (30)
Medication at 1st CTMPI
Antiplatelet drugs 28 (93)
Anticoagulants 13
Calcium channel blockers 16 (53)
ACE/ARB 17 (57)
Nitrates 8 (27)
Beta blockers 9 (30)
Diuretics 2(7)
Statins 25 (83)
Cholesterol Absorption Inhibitor 4 (13)
GLP-1 receptor agonists 1(3)
DPP-4 inhibitors 3(10)
Change in medication between 1st and 2nd CTMPI 4 (13)

Except where indicated, data are numbers of patients (percentages).
PCI=Percutaneous coronary intervention; CABG=Coronary artery bypass
grafting; ACE/ARB=Angiotensin-converting enzyme inhibitors / Angiotensin II
receptor blockers; CTMPI=Computed tomography myocardial perfusion imag-
ing; GLP-1 = Glucagon-like peptide-1; DPP-4 = Dipeptidyl peptidase-4.

Echocardiography revealed a mean left ventricular ejection fraction of
68 + 7 % and wall motion abnormalities in 30 % of patients. The ma-
jority were on antiplatelet drugs (93 %) at the time of the first CTMPI,
with other medications including calcium channel blockers (53 %) and
ACE/ARB (57 %). There was a change in medication for 13 % of patients
between the first and second CTMPIL.

3.2. Imaging results

Table2 provided detailed imaging results. According to the CAD-
RADS classification by CCTA, CAD-RADS 1 accounted for 20 % (6/
30), CAD-RADS 2 for 13 % (4/30), CAD-RADS 3 for 43 % (13/30), CAD-
RADS 4A for 7 % (2/30), CAD-RADS 4B for none, and CAD-RADS 5 for
10 % (3/30). The CCTA findings remained consistent across the two
examinations, revealing no new cases of coronary stenosis in the 2nd
CCTA images. Dynamic CTMPI results presented that the 1st and 2nd
global MBFs were 139 + 37 and 138 + 39 mL/100 mL/min, respec-
tively, and the 1st and 2nd remote MBFs were 163 + 43 and 162 + 45
mL/100 mL/min, respectively.

The dose-length product (DLP), measured in mGy*cm, was recorded
for both CCTA and dynamic CTMPI: for the 1st and 2nd CCTA, the DLPs
were 161 + 89 and 153 + 100, respectively; for the 1st and 2nd dynamic
CTMPI, they were 243 + 66 and 222 + 54, respectively. The increase in
heart rate during stress compared to rest was 14 + 8 bpm for the 1st
dynamic CTMPI and 15 + 5 bpm for the 2nd dynamic CTMPI.
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Table 2
Imaging results.

Characteristic All patients
(n = 30)

CAD-RADS (CCTA)

1 6 (20)

2 4(13)

3 13 (43)

4A 2(7)

4B 0 (0)

5 3(10)

Dynamic CTMPI (mL/100 mL/min)

1st global MBF (mean + SD) 139 + 37

2nd global MBF (mean =+ SD) 138 + 39

1st remote MBF (mean + SD) 163 + 43

2nd remote MBF (mean + SD) 162 + 45

Except where indicated, data are numbers of patients (percentages).

CAD-RADS=Coronary Artery Disease Reporting and Data System;
CCTA=coronary computed tomography angiography; CTMPI=computed
tomography myocardial perfusion imaging; MBF=myocardial blood flow.

3.3. Test-retest reproducibility of MBF obtained using dynamic CTMPI

There was an excellent linear correlation between 1st and 2nd global
MBEFs (r = 0.89 [95 % CI: 0.77-0.95]; p < 0.0001; Fig. 2-A), between 1st
and 2nd remote MBFs (r = 0.88 [95 % CI: 0.75-0.94]; p < 0.0001; Fig. 2-
B) and between 1st and 2nd MBFs in all segments (r = 0.82 [95 % CI:
0.80-0.84]; p <0.0001; Fig. 2-C). Representative cases where distribu-
tions of MBF were similar between two cardiac tests were presented in
Fig. 3.

ICC was 0.94 (95 % CI: 0.87-0.97), 0.93 (95 % CI: 0.86-0.97), and
0.90 (95 % CI: 0.89-0.91) between global 1st and 2nd global MBFs,
between 1st and 2nd remote MBFs, and between 1st and 2nd MBFs in all
segments.

Bland-Altman plots showed a mean difference of -0.7 mL/100 mL/
min (95 % limits of agreement [LoA], —35.3 to 36.7 mL/100 mL/min)
between 1st and 2nd global MBFs (Fig. 4-A), of —-1.3 mL/100 mL/min
(95 % LoA, -42.4 to 45.0 mL/100 mL/min) between 1st and 2nd remote
MBEFs (Fig. 4-B) and of 0.7 mL/100 mL/min (95 % LoA, -48.6 to 50.0
mL/100 mL/min) between 1st and 2nd MBFs in all segments (Fig. 4-C).

3.4. Visual evaluation of the ability to detect abnormal perfusion on the
dynamic CTMPI map

Inter-test agreement for visually detecting and grading abnormal
perfusion suggesting ischemia on the CTMPI map was good with a
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weighted kappa value of 0.80 (95 % CI: 0.75-0.85) as shown in Fig. 5. In
289 segments with Grade 0 on the 1st CTMPI map, 249 segments (86 %)
were found to be Grade 0, 28 (10 %) Grade 1, 11 (4 %) Grade 2, and 1
(0.3 %) Grade 3 on the 2nd CTMPI map. In 101 segments with Grade 1
on the 1st CTMPI map, 15 segments (15 %) were found to be Grade 0, 65
(65 %) Grade 1, 18 (18 %) Grade 2, and 3 (3 %) Grade 3 on the 2nd
CTMPI map. In 62 segments with Grade 2 on the 1st CTMPI map, 3
segments (5 %) were found to be Grade 0, 16 (26 %) Grade 1, 38 (61 %)
Grade 2, and 5 (8 %) Grade 3 on the 2nd CTMPI map. In 28 segments
with Grade 3 on the 1st CTMPI map, 6 segments (21 %) were found to be
Grade 2, and 22 (79 %) Grade 3 on the 2nd CTMPI map while no seg-
ments were rated as Grade 0 and Grade 1.

4. Discussion

To the best of our knowledge, this is the first study to examine the
reproducibility of MBF values quantified with dynamic CTMPIL. The
main results were that dynamic CTMPI had the ability to reproduce
absolute MBF values across multiple tests on the same patient and the
consistency in the presence and severity of abnormal perfusion that
suggests ischemia between the tests.

CAD and CMD are two distinct but related conditions affecting the
heart’s blood vessels. CAD involves the buildup of plaque in the
epicardial coronary arteries. This buildup narrows the arteries, reducing
blood flow and potentially leading to chest pain (angina), heart attacks,
or heart failure [11]. On the other hand, CMD affects the heart’s smaller
blood vessels and is characterized by impaired blood flow due to damage
to the inner walls of those vessels, leading to spasms and decreased
blood flow to the heart muscle without the presence of significant plaque
buildup seen in CAD [12]. CMD can cause symptoms similar to CAD,
such as chest pain and shortness of breath, but is diagnosed and
managed differently, requiring specialized tests to detect. Diagnosing
CMD can be challenging due to the small size of the vessels involved,
which are not easily visualized with standard imaging techniques as
performed for CAD assessment. Although invasive angiography plays a
crucial role in diagnosing CMD, invasive tests such as intracoronary
Doppler wire and thermodilution are used to measure blood flow and
resistance within the coronary microcirculation [13]. These tests can
evaluate parameters like coronary flow reserve (CFR) and index of
microcirculatory resistance (IMR), which provide information about the
functional status of the smaller vessels. A reduced CFR or an elevated
IMR indicates impaired microvascular function, suggesting CMD.

PET imaging is a highly effective non-invasive tool for assessing
myocardial perfusion and the functional status of the heart’s micro-
vasculature. The high diagnostic performance of stress HoO-PET MPI for
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Fig. 2. Correlation between 1st and 2nd MBF obtained by dynamic CTMPI. There was an excellent linear correlation (A) between 1st and 2nd global MBFs (r = 0.89
[95 % CI: 0.77-0.95]; p <0.0001), (B) between 1st and 2nd remote MBFs (r = 0.88 [95 % CI: 0.75-0.94]; p <0.0001), and (C) between 1st and 2nd MBFs in all
segments (r = 0.82 [95 % CI: 0.80-0.84]; p <0.0001). CTMPI=computed tomography myocardial perfusion imaging; MBF=myocardial blood flow.
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Fig. 3. Representative cases that show the test-retest reproducibility of MBF obtained by dynamic CTMPI. (A) Images in a 77 year-old-woman with chest pain and
diabetes. The figures showed short-axis images on MBF maps obtained by 1st (upper section) and 2nd (lower section) dynamic CTMPI. In both the 1st and 2nd MBF
maps, severe reductions in MBF (arrows) were similarly observed in the anterior and inferior walls of the apex and in the anteroseptal wall of the base. In the mid,
mild reductions in MBF were detected circumferentially in the subendocardial pattern, consistent between the 1st and 2nd MBF maps. (B) Images in a 68 year-old-
man with chest pain, diabetes and hyperlipidemia. The figures showed short-axis images on MBF maps obtained by 1st (upper section) and 2nd (lower section)
dynamic CTMPI. The CTMPI maps from both examinations revealed circumferential reduced MBF, particularly in the lateral wall, extending from the base to the
apex. CTMPI=computed tomography myocardial perfusion imaging; MBF=myocardial blood flow.

CAD has been well-documented, with studies using hyperemic MBF
derived from stress HoO-PET MPI revealing a diagnostic accuracy of 92
% for detecting CAD using fractional flow reserve as the reference [14]
and superior diagnostic accuracy compared to CCTA and single photon
emission computed tomography [15]. Additionally, the test-retest
reproducibility of MBF and CFR estimates is reported to be very good,
with a correlation coefficient (R2) of 0.935 for MBF in repeated Rb-PET
studies, indicating PET’s reliability and repeatability [16]. The same
study showed that the low intra- and interobserver variability further
confirms the robustness of MBF quantitation against different observers’
analyses. This consistency across repeated studies is critical for the
clinical utility of PET in diagnosing CAD and CMD. Furthermore,
reduced MBF and CFR identified by PET imaging was associated with a
higher risk of major adverse cardiovascular events [17], emphasizing

the utility of stress PET MPI in identifying CMD that presents as re-
ductions in hyperemic MBF and CFR.

Dynamic CTMPI presents an alternative non-invasive method for
assessing MBF, with high diagnostic accuracy for detecting myocardial
ischemia [8]. Dynamic CTMPI offers several advantages over MRI MPI
and nuclear MPIL. One key benefit is that it can be performed concur-
rently with CCTA, enabling comprehensive assessment of CAD by
evaluating both anatomical stenosis and functional perfusion within a
single session. A recent multi-center study [9] demonstrated that
combining dynamic CTMPI with CCTA significantly improved diag-
nostic performance, increasing the area under the curve from 0.65 to
0.74 for identifying hemodynamically significant stenosis. In addition,
given that CCTA has a high negative predictive value for excluding CAD,
reduced MBF in patients without significant coronary stenosis on CCTA
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Fig. 4. Bland-Altman plots from 1st and 2nd MBF obtained by dynamic CTMPI. Bland-Altman plots showed a mean difference of -0.7 mL/100 mL/min (95 % limits
of agreement [LoA], -35.3 to 36.7 mL/100 mL/min) between 1st and 2nd global MBFs (A), of —1.3 mL/100 mL/min (95 % LoA, -42.4 to 45.0 mL/100 mL/min)
between 1st and 2nd remote MBFs (B) and of 0.7 mL/100 mL/min (95 % LoA, -48.6 to 50.0 mL/100 mL/min) between 1st and 2nd MBFs in all segments (C).
CTMPI=computed tomography myocardial perfusion imaging; MBF=myocardial blood flow.
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Fig. 5. Inter-test agreement for visual assessment of abnormal perfusion. Inter-test agreement for detecting abnormal perfusion visually on the CTMPI map was good
with a weighted kappa value of 0.80 (95 % CI: 0.75-0.85). In 289 segments with Grade 0 on the 1st CTMPI map, 249 segments (86 %) were found to be Grade 0, 28
(10 %) Grade 1, 11 (4 %) Grade 2, and 1 (0.3 %) Grade 3 on the 2nd CTMPT map. In 101 segments with Grade 1 on the 1st CTMPI map, 15 segments (15 %) were
found to be Grade 0, 65 (65 %) Grade 1, 18 (18 %) Grade 2, and 3 (3 %) Grade 3 on the 2nd CTMPT map. In 62 segments with Grade 2 on the 1st CTMPI map, 3
segments (5 %) were found to be Grade 0, 16 (26 %) Grade 1, 38 (61 %) Grade 2, and 5 (8 %) Grade 3 on the 2nd CTMPT map. In 28 segments with Grade 3 on the 1st
CTMPI map, 6 segments (21 %) were found to be Grade 2, and 22 (79 %) Grade 3 on the 2nd CTMPT map while no segments were rated as Grade 0 and Grade 1.
CTMPI=computed tomography myocardial perfusion imaging; MBF=myocardial blood flow.

may suggest the presence of CMD. In this respect, the advantage of
combining CCTA with CTMPI is twofold: the combination allows for the
simultaneous evaluation of obstructive CAD and myocardial ischemia
and facilitates the diagnosis of CMD after CAD has been excluded.
Another advantage of CTMPI is its shorter acquisition time compared to
other modalities, offering greater convenience for patients and the po-
tential for improved throughput in clinical practice [18]. CTMPI also
allows for high-resolution imaging, which aids in detecting small-scale
blood flow abnormality [19].

Despite these advantages of dynamic CTMPI, the test-retest repro-
ducibility of MBF measurements obtained using dynamic CTMPI re-
mains uninvestigated. The current study demonstrated that dynamic
CTMPI can reproduce absolute MBF values across multiple tests on the
same patient and revealed consistency in the detection and severity of
abnormal perfusion that suggests ischemia between the tests. This
reproducibility is crucial for ensuring that reduction in MBF

measurements reflect true physiological changes rather than variability
in the imaging technique itself. The results of our study were consistent
with those of studies using stress PET MPI that investigated the
test-retest reproducibility [16]. By reliably measuring MBF, dynamic
CTMPI can help in determining the presence, extent, and severity of CAD
and CMD, providing valuable information that can guide clinical
decision-making. This is particularly important for CMD, which often
goes undetected by traditional imaging methods focused on the
epicardial coronary arteries. On the other hand, the consistent detection
of abnormal perfusion suggestive of ischemia across tests further
emphasize the potential of dynamic CTMPI as a robust tool for the
evaluation of CAD. The robustness of dynamic CTMPI in reproducing
MBF and consistently assessing ischemia may be useful not only in
diagnosing CAD and CMD, but also in monitoring their progression and
evaluating the effectiveness of therapeutic interventions. By offering a
non-invasive means to quantify changes in MBF over time, it enables
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clinicians to track the disease course and adjust treatment strategies
accordingly. Nevertheless, further research is necessary to investigate
the prognostic impact of CMD when diagnosed using dynamic CT MPI.
Establishing the prognostic value of MBF obtained through this modality
in relation to CMD will be essential for integrating dynamic CTMPI into
routine clinical practice for the management of CMD.

The study has several limitations. Firstly, one of them is the study’s
retrospective, single-center design, which may limit the generalizability
of the results to other settings. Future prospective, multicenter studies
are needed to validate our findings and ensure broader applicability.
Secondly, dynamic CTMPI requires the acquisition of multiple images
over time to capture the passage of contrast through the myocardium,
leading to higher radiation doses compared to single-phase imaging.
While technological advancements have reduced these radiation doses
[20], radiation exposure remains a concern. Thirdly, maximal upslope
analysis of dynamic CTMPI employed in this study underestimated MBF
when compared directly with H,O-PET measurements. However, a prior
study showed that this discrepancy was reduced by using a fitting
equation to correct the MBF derived from dynamic CTMPI and that the
corrected MBF values from dynamic CTMPI showed improved agree-
ment with the MBF values from HyO-PET [21]. Fourthly, another limi-
tation of our study includes not only the inconsistency in the intervals
between the test and retest but also the fact that these intervals were
longer compared to previous studies [16,22]. Although the CCTA find-
ings remained consistent across the two tests, those varied and extended
time gaps might influence the physiological state of the patients,
potentially affecting the comparability of the test results. To assess
test-retest reproducibility more accurately, future studies should stan-
dardize the interval between examinations. Fifthly, the study population
was relatively small, and patients without obstructive CAD on CCTA
accounted for 33 % of the study population. Larger future studies that do
not include patients with obstructive CAD may be required to assess the
utility of CTMPI in the evaluation of CMD. Sixthly, although no patients
had coronary revascularization between 1st CTMPI and 2nd CTMPI, 87
% of the patients had a history of coronary revascularization, which
might have had affected MBFs in vascular territories influenced by stents
or bypass grafts. Additionally, given the high prevalence of comorbid-
ities and the variety of medications in the study population, these factors
may have influenced the test-retest results. Seventhly, the study
included only 25 % of the initial cohort, which may limit the general-
izability of the results. Eighthly, our study did not include a comparator
to established methods for evaluating myocardial perfusion, such as
MRI, PET, or invasive assessments of fractional flow reserve and
microcirculation indexes. Finally, the study did not include the assess-
ment of CFR from dynamic CTMPI. A major challenge in measuring CFR
with dynamic CTMPI is the necessity for two CT scans—one at rest and
another during stress. This requirement increases the patient’s exposure
to radiation and the amount of contrast agent used.

5. Conclusion

Dynamic CTMPI can consistently reproduce absolute MBF values and
reliably detect myocardial perfusion abnormalities. When com-
plemented by the anatomical insights for CAD provided by CCTA, dy-
namic CTMPI may become a robust, non-invasive diagnostic tool that
enables the evaluation of the presence and severity of myocardial
ischemia and CMD.
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