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Abstract
We have developed the method for dynamic 320-row multidetector computed tomography (MDCT)-derived quantitative coronary flow
reserve (CFRCT) andhyperemicmyocardial blood flow (MBFCT).Weevaluateddiagnostic valueofCFRCTandhyperemicMBFCT fordetecting
obstructive coronary artery disease (CAD) in per-patient and per-vessel analysis, and their relations with the severity of CAD burden.
Adenosine stressed and rest dynamic myocardial perfusion MDCT were prospectively performed in patients with known or

suspected CAD. Per-patient and per-vessel MBFCT were estimated from dynamic perfusion images in rest and hyperemic phases,
and per-patient and per-vessel CFRCT were calculated from the ratio of rest and hyperemicMBFCT. Degree of stenosis was evaluated
by coronary CT angiography (CTA) and invasive coronary angiography (ICA). Obstructive stenosis was defined as ≥70% stenosis in
ICA. CAD burden with MDCT was calculated by logarithm transformed coronary artery calcium (CAC) score and the CTA-adapted
Leaman risk score (CT-LeSc). A logistic regression analysis was used to measure the receiver-operating characteristic curve and
corresponding area under the curve (AUC) for the detection of obstructive CAD.
Twenty-seven patients and 81 vessels were eligible for this study. Sixteen patients had obstructive CAD, and 31 vessels had

obstructive stenosis. Using an optimal cutoff, the CFRCT and hyperemic MBFCT had the moderate diagnostic values in per-patient
(AUC=0.89 and 0.86, respectively) and per-vessel (AUC=0.79 and 0.76, respectively). Per-patient CFRCT and hyperemic MBFCT
exhibited a moderate inverse correlation with CAC score and the CT-LeSc.
Per-patient and per-vessel CFRCT as well as hyperemic MBFCT had moderate diagnostic value for detecting obstructive CAD.

These per-patient values exhibited a moderate inverse correlation with CAD burden. CFRCT and hyperemic MBFCT might add
quantitative functional information for evaluating patients with CAD.

Abbreviations: AUC = area under curve, CAC score = coronary artery calcium score, CAD = coronary artery disease, CAD-
RADS = The Coronary Artery Disease Reporting and Data System, CFR = coronary flow reserve, CFRCT = coronary flow reserve
derived from computed tomography, CTA = coronary computed tomography angiography, CT-LeSc = coronary computed
tomography angiography-adapted Leaman score, CTP = computed tomography perfusion, ICA = invasive coronary angiography,
LAD = left anterior descending artery, LCX = left circumflex coronary artery, LV = left ventricle, MBF =myocardial blood flow, MBFCT
= myocardial blood flow derived from computed tomography, MDCT = multidetector computed tomography, NPV = negative
predictive value, PET = positron emission tomography, PPV = positive predictive value, RCA = right coronary artery, ROI = region of
interest, TAC = time attenuation curve.
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1. Introduction

The detection of obstructive coronary stenosis is essential in

The protocols for coronary CTA and CTP have been previously
published indetail.[4] Briefly,first, a noncontrast imagewasobtained
assessments of coronary artery disease (CAD). A visual
qualitative evaluation of single-phase computed tomography
(CT) myocardial perfusion (CTP) combined with coronary CT
angiography (CTA) could correctly identify patients with
obstructive stenosis with ischemia.[1,2] However, single-phase
CTP has a difficulty to select the optimal scan timing, and the
qualitative evaluations were associated with more interobserver
bias than the quantitative evaluation.[3]

Using low-dose dynamic CTP with 320-row multidetector CT
(MDCT) and validated with 15O-water positron emission
tomography (PET), we have developed a method to estimate
myocardial blood flow (MBFCT) and coronary flow reserve
(CFRCT) from CT.[4] However, the diagnostic values of per-
patient and per-vessel CFRCT and MBFCT for detecting
obstructive CAD have not been investigated.
We hypothesized that the coronary plaque burden as severity

of CAD might inversely correlate with the per-patient MBFCT
and CFRCT. To score the stenosis severity of entire coronary
arteries, CTA-adapted Leaman score (CT-LeSc), which integrates
the number of affected vessels, calcification, and the location of
disease with obstructive stenosis, has been used.[5] Moreover, to
score the coronary calcification severity, we calculated the
coronary artery calcium (CAC) score.[6]

The aims of our study are as follows: to investigate the
diagnostic performances of CFRCT and MBFCT for detecting
obstructive CAD in per-patient and per-vessel analyses, and to
evaluate their relationships with the CT-LeSc and the CAC score.
2. Methods

2.1. Patient population

This study was a prospective, single-center observational study
performed fromMarch 2013 to February 2017. It was approved
by the regional ethics committee, and all patients provided
written informed consent to participate. Patients with known or
suspected CAD hospitalized visiting our hospital were included.
The exclusion criteria included patients with suspected acute
coronary syndrome, known allergy to iodinated contrast media,
asthma, chronic kidney disease (estimated glomerular filtration
rate<30mL/m2), 2nd- or 3rd-degree atrial-ventricular block,
previous cardiac surgery, coronary intervention within the past
6 months, prior myocardial infarction and age <20 years.
Questionnaires were obtained from all patients, including

coronary risk factors such as age, sex, body mass index, chest
pain, hypertension, dyslipidemia, diabetes mellitus, smoking, and
history of myocardial infarction and revascularization.
2.2. CT imaging acquisition

All images were acquired using a 2nd-generation 320-row
MDCT system (Aquilion ViSION; Canon Medical Systems
Corporation, Otawara, Japan). CTP dynamic scans were
performed with a tube voltage of 80kV and tube current of
120mA at 70% to 80% of the R-R interval. The gantry rotation
time was 275 milliseconds, and reconstruction was performed at
1-mm intervals using Adaptive Iterative Dose Reduction 3D
(AIDR 3D) and beam-hardening correction. Coronary CTA
images were obtained using a boost scan with the same tube
voltage, but higher tube current (650–800mA) and thin slice
reconstruction (0.5mm) at 75% of the R-R interval.
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to determine the CAC score.[7] Second, during a continuous 6-
minute infusion of adenosine triphosphate (0.16mg/kg/min),
hyperemic dynamic CTP imaging was performed for 25seconds
with 50mL of iodinated contrast (350mg I/mL) and 30mL
saline chaser (5.0mL/s). Third, resting CTP was performed after
a 15-minute interval, similar to the method used for the hyperemic
dynamic CTP protocol, with a boost scan for coronary CTA.
During the protocol, the blood pressure, heart rate, and

electrocardiogramwere monitored, and the rate pressure product
was calculated.
2.3. Coronary CTA and invasive coronary angiography
data analysis

Coronary CTA data were reconstructed, and the CAC score was
automatically calculated at a dedicated workstation (Ziostation 2
Plus; Ziosoft, Tokyo, Japan). The image quality was assessed
visually and scored using a 4-point scale (4=no artifacts, 3=
good diagnostic quality with minor artifacts, 2=acceptable
diagnostic quality with moderate artifacts, and 1=unacceptable
diagnostic quality with severe artifacts). The Coronary Artery
Disease Reporting and Data System (CAD-RADS) is a
standardized classification system suggested by the Society of
Cardiovascular Computed Tomography, which shows excellent
interobserver agreement.[8] According to CAD-RADS, diameter
stenosis grades (0%, 1–49%, 50–69%, and 70–100%) and the
composition (calcified or noncalcified) were evaluated in the left
anterior descending artery (LAD), left circumflex coronary artery
(LCX), and right coronary artery (RCA).[9] If more than 1
stenosis was present in the same vessel, the most severe stenosis
was used. Patients with ≥50% stenosis on coronary CTA were
additionally performed invasive coronary angiography. Diame-
ter stenosis grades on invasive coronary angiography were
visually evaluated in the same way as coronary CTA. We defined
≥70% stenosis in invasive coronary angiography as obstructive
stenosis. A patient with at least 1 vessel ≥70% stenosis was
diagnosed as the obstructive CAD patient.
Per-patient CAD severity was evaluated using the CT-LeSc,

which was calculated by scoring the stenosis severity (obstructive
or not), the composition (calcified or noncalcified), and the
localization differentiated by 18-segmental stenosis and coronary
artery dominance in coronary CTA.[5]
2.4. CTP data analysis

Image registration (Canon Medical Systems Corporation) was
applied for motion correction. Consequently, the CTP images
were displayed as 1-mm slices in a short-axis orientation and
visually assessed for image quality using an algorithm similar to
that used for coronary CTA. The contours of the left ventricular
(LV) myocardium and LV cavity were set by experienced
physicians to obtain these regions of interest (ROIs). The LV
myocardial ROI was automatically segmented and assigned to
the appropriate vascular territories based on the American Heart
Association model.[10]

Time attenuation curves (TACs) were generated for the
myocardium of whole LV, of each vascular territory (LAD,
LCX, and RCA), and the LV cavity. The TACs were converted
to contrast concentration curves as previously validated in a
phantom study. Resting and hyperemic MBFCT were calculated
using a single-tissue compartment model with the Renkin–Crone
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equation validated by O-water PET. TheMBFCT was expressed
as a unit of mL/g/min. Per-patient MBFCT was derived from TAC
of the LV myocardium, and per-vessel MBFCT was derived from
TACs of each vascular territory. Finally, per-patient and per-
vessel CFRCT were calculated as the ratios of hyperemic MBFCT
to resting MBFCT.

[4]
2.5. CT radiation dosage

Radiation doses were estimated using the dose-length product,
which was multiplied by a constant (k=0.014mSv/mGy/cm) to
convert to an effective dose based on the European guidelines on
quality criteria for CT.
2.6. Statistical analysis

Continuous variables are presented as the mean± standard
deviation and were compared using Student t test without CAC
score and CT-LeSc. Since the scores followed a marked skewed
distribution, CAC score and CT-LeSc are presented as median
(interquartile range), each CAC score was transformed to a
logarithm (CAC score + 1) to approximate the normal
distribution, and the CT-LeSc was compared using the
nonparametric Wilcoxon rank-sum test. Categorical variables
are presented as percentages and were compared by the Chi-
squared test or Fisher exact test, as appropriate.
To describe the diagnostic performance, a logistic regression

analysis was used tomeasure the receiver-operating characteristic
(ROC) curve and corresponding area under the curve (AUC).
Optimal cutoff value was calculated by Youden index from ROC
Figure 1. Patient flowchart. CAD=coronary artery disease, CT = computed tom
angiography.

3

curves. The Chi-squared test was used to compare AUCs. Pearson
correlation coefficients were calculated for continuous variables.
P-values <.05 were defined as significant. All of the statistical
analyses were performed using the dedicated software packages
JMP 12.0 (SAS Institute, Cary, NC) and PRISM 7.0 (GraphPad
Software, San Diego, CA).
3. Results

3.1. Patient and vessel characteristics

Of the consecutive 41 patients performed dynamic CT perfusion,
a total of 27 patients and 81 vessels were eligible for the analysis;
the 14 excluded patients were as follows, 5 patients were by
technical failure of the scanning protocol, 3 were refused invasive
coronary angiography despite they had ≥50% stenosis on
coronary CTA, 2 patients had severe artifacts by pacemaker, 2
patients had poor image quality by high BMI, 1 patient showed
an incomplete adenosine triphosphate infusion, and 1 patient had
coronary anomaly (Fig. 1).
Table 1 shows the characteristics of the patients and their

vessels. Out of 27 patients, 16 underwent invasive coronary
angiography and were diagnosed with obstructive CAD. Single-
vessel disease, 2-vessel disease, and 3-vessel disease were seen in
5, 7, and 4 patients, respectively; a total of 31 vessels showed
obstructive stenosis. Thirty percent of studied patients had severe
calcification (CAC score ≥ 400). The CAD group had
significantly higher CAC scores and significantly higher CT-
LeSc values compared to the non-CAD group. Representative
cases with CAD are shown in Figure 2.
ography, CTA=CT angiography, CTP=CT perfusion, ICA= invasive coronary
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Table 1

Patient characteristics.

All (n=27) Patients without CAD (n=11) Patients with CAD (n=16) P-value

Baseline characteristics
Age, y 67±7 69±8 66±7 .25
Male 16 (59) 6 (55) 10 (63) .71
BMI, kg/m2 24±3 25±3 24±3 .20
Typical chest pain 4 (15) 0 (0) 4 (25) .12
Hypertension 20 (74) 7 (64) 13 (81) .39
Dyslipidemia 19 (70) 5 (45) 14 (88) .03
Diabetes mellitus 13 (48) 6 (55) 7 (44) .70
Smoking 10 (37) 3 (27) 7 (44) .45

CTA findings
Log (CAC score + 1) 1.9±1.1 0.9±0.9 2.5±0.8 <.01
CAC score 0 4 (15) 4 (36) 0 (0)
CAC score 1–100 10 (37) 7 (64) 3 (19)
CAC score 101–400 5 (19) 0 (0) 5 (31)
CAC score >400 8 (30) 0 (0) 8 (50)
CT-LeSc 10.8 (0.9–16.5) 0.6 (0–1.2) 15.3 (11.2–20.2) <.0001

CAC score
Total 100 (12–725) 12 (0–64) 491 (179–1093)
LMT+LAD 84 (1–424) 0 (0–24) 205 (90–532)
LCX 5 (0–152) 0 (0–0) 145 (2–232)
RCA 12 (0–94) 0 (0–12) 85 (1–223)

Values are mean± standard deviation, median (interquartile range), or n (%).
BMI=body mass index, CAC=coronary artery calcium, CAD = coronary artery disease, CT = computed tomography, CTA=CT angiography, CT-LeSc= Leaman score adapted for CTA, LAD= left anterior
descending coronary artery, LCX= left circumflex coronary artery, LMT= left main trunk, RCA= right coronary artery.
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The radiation dose was 11.8±2.4 mSv. As shown in Tables 2
and 3, the heart rate and rate pressure product in the hyperemic
were significantly elevated compared to the rest. The per-vessel
coronary CTA imaging quality score was 3.6±0.7, and all
coronary segments could be assessed for stenosis. The per-vessel
CTP imaging quality score was 4.0±0.2 at rest and 3.8±0.4
in the hyperemic. All studied data were acceptable for the
calculation of CFRCT and MBFCT.

3.2. Per-patient analysis

Both CFRCT and hyperemic MBFCT in obstructive CAD group
were significantly lower compared to the non-CAD group. The
ROC curves of CFRCT and hyperemicMBFCT for the detection of
obstructive CAD assessed by invasive coronary angiography are
shown in Figure 3. The AUCs for CFRCT and hyperemic MBFCT
were 0.89 (95% confidence interval [CI] 0.76–1.00, P= .0008)
and 0.86 (95% CI 0.73–1.00, P= .002), respectively, which did
not differ in the model comparisons of the ROC analysis
(P= .59). With the use of an optimal cutoff value of CFRCT 2.0,
the sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) were 88%, 82%, 88%, and
82%, respectively. With the use of the cutoff of hyperemic
MBFCT 1.2mL/g/min, the corresponding values were 69%,
100%, 100%, and 65%, respectively (Fig. 3).
Per-patient analysis showed that CFRCT (r=�0.55, P< .01)

and hyperemic MBFCT (r=�0.50, P< .01) exhibited moderate
inverse correlations with CT-LeSc (Fig. 4). The logarithm-
transformed CAC score showed moderate inverse correlations
with CFRCT (r=�0.50, P< .01) and hyperemic MBFCT (r=�
0.46, P= .01) (Fig. 5).

3.3. Per-vessel analysis

The CFRCT and hyperemic MBFCT in the regions with
obstructive stenosis were significantly lower compared to the
4

regions with nonobstructive stenosis (Fig. 6). The AUCs of
CFRCT and hyperemic MBFCT were 0.79 (95% CI 0.67–0.87,
P< .0001) and 0.76 (95%CI 0.64–0.86, P= .0002), respectively;
no significant differences were observed (P= .51). The sensitivity,
specificity, PPV, andNPV using a cutoff of CFRCT 1.6 were 61%,
82%, 68%, and 77%, respectively. Using the cutoff of hyperemic
MBFCT 1.2mL/g/min, the corresponding values were 68%, 80%,
68%, and 80%, respectively (Fig. 6).
Additionally, when stenosis of 50% diameter on ICA was

considered as the criteria, the AUCs of CFRCT and hyperemic
MBFCT were 0.82 (95% CI 0.73–0.91, P< .01) and 0.78 (95%
CI 0.68–0.88, P< .01), respectively; no significant differences
were observed (P= .13). The sensitivity, specificity, PPV, and
NPV using a cutoff of CFRCT 1.7 were 71%, 86%, 86%, and
69%, respectively. Using a cutoff of hyperemic MBFCT 1.6mL/g/
min, the corresponding values were 80%, 67%, 75%, and 73%,
respectively.
4. Discussion

This is the first study to investigate the diagnostic performance of
CFRCT and hyperemic MBFCT using 320-rowMDCT in patients
with suspected or known CAD. CFRCT and hyperemic MBFCT
had sufficient sensitivity, PPV, and NPV to detect obstructive
CAD assessed by invasive coronary angiography both in per-
patient and in per-vessel analyses. These data suggest that CFRCT

and hyperemic MBFCT might add quantitative functional
information to coronary CTA.
We observed that per-patient CFRCT and hyperemic MBFCT

were correlated with the CT-LeSc and the CAC score as coronary
plaque burden, which are known to correlate with cardiovascular
events.[11–13] CFR determined by PET can be used to identify
patients at high risk for cardiovascular events and to modify
therapeutic strategies.[14] Thus, per-patient CFRCT and hyper-
emic MBFCT have the possibility of being useful for evaluating



Figure 2. Representative cases’ (A) CTP images, (B) CTA image, and (C) polar map of CFRCT. Case 1 had 3-vessel disease (3-VD) in the LAD, LCX, and RCA, and
CTP images represented severe ischemia in the whole left ventricular. The per-patient CFRCT was 1.14, and the per-vessel CFRCT of the LAD, LCX, and RCA
regions were 1.25, 1.06, and 1.19, respectively. Case 2 had 2-vessel disease (2-VD) in the LAD and RCA, andCTP images showed severe ischemia in regions of the
LAD and RCA. The per-patient CFRCT was 1.59 and the per-vessel CFRCT of the LAD, LCX, and RCA regions were 1.01, 3.02, and 1.70, respectively. CFRCT=
coronary flow reserve derived by CT, CT = computed tomography, CTA=CT angiography, CTP=CT perfusion, LAD= left anterior descending artery, LCX= left
circumflex artery, MBFCT=myocardial blood flow derived by CT, RCA= right coronary artery.

Table 3

Hemodynamics in hyperemic and rest phase (coronary artery
disease).

Hyperemic Rest P-value

Systolic BP (mm Hg) 126±24 132±21 .07
HR (/min) 78±16 64±8 <.01
RPP (mm Hg/min) 9941±3094 8579±1932 <.01

BP=blood pressure, HR=heart rate, RPP= rate pressure product (systolic BP�HR).

Table 2

Hemodynamics in hyperemic and rest phase (non-coronary artery
disease).

Hyperemic Rest P-value

Systolic BP (mm Hg) 119±23 124±21 <.01
HR (/min) 83±16 61±8 <.01
RPP (mm Hg/min) 9973±2919 7551±1275 <.01

BP=blood pressure, HR=heart rate, RPP= rate pressure product (systolic BP�HR).
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Figure 3. (A) Per-patient resting MBFCT, hyperemic MBFCT, and CFRCT of CAD group and non-CAD group. (B) The receiver-operating characteristic curve analysis
of per-patient CFRCT and hyperemic MBFCT for the detection of CAD, and the sensitivity, specificity, PPV, and NPV with the use of optimal cutoff values (with a ratio
of 2.0 of CFRCT and with 1.2mL/g/min of hyperemic MBFCT). CAD=patient with more than 50% stenosis in the coronary arteries, CFRCT=coronary flow reserve
derived by CT, CT = computed tomography, MBFCT=myocardial blood flow derived by CT, non-CAD=patient with<50% or no stenosis in the coronary arteries,
NPV=negative predictive value, PPV=positive predictive value.

Figure 4. The relationships between CT-LeSc and per-patient CFRCT or hyperemic MBFCT. Dashed lines indicate the 95% mean confidence interval. CFRCT=
coronary flow reserve derived by CT, CT = computed tomography, CT-LeSc=Leaman score adopted CT angiography, MBFCT=myocardial blood flow derived
by CT.

Obara et al. Medicine (2018) 97:27 Medicine
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Figure 5. The relationship between logarithm-transformed CAC scores and per-patient CFRCT or hyperemic MBFCT. Dashed lines indicate the 95% mean
confidence interval. CAC=coronary artery calcium, CFRCT=coronary flow reserve derived by CT, CT = computed tomography, MBFCT=myocardial blood flow
derived by CT.
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not only coronary functional stenosis but also microvascular
dysfunction. A recent stress perfusion magnetic resonance
imaging (MRI) study reported that when the myocardial
perfusion reserve (stress MBF/rest MBF) becomes significantly
Figure 6. (A) Per-vessel resting MBFCT, hyperemic MBFCT, and CFRCT of vessels w
characteristic curve analysis of per-vessel CFRCT and hyperemic MBFCT for the det
the use of optimal cutoff values (with a ratio of 1.6 of CFRCT and with 1.2mL/g/m
computed tomography, MBFCT=myocardial blood flow derived by CT, NPV=ne

7

impaired, it could be due to obstructive epicardial CAD or
coronary microvascular dysfunction.[15] Among our 11 non-
obstructive CAD patients, 2 patients showed significantly low
CFR (<2.0). Both patients had diabetes mellitus and other risk
ith obstructive stenosis and nonobstructive stenosis. (B) The receiver-operating
ection of obstructive stenosis, and the sensitivity, specificity, PPV, and NPV with
in of hyperemic MBFCT). CFRCT=coronary flow reserve derived by CT, CT =
gative predictive value, PPV=positive predictive value.
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factors (smoker, dyslipidemia, or hypertension) that might cause
the microvascular dysfunction.[16] Further studies are needed for
investigations of the relationships between coronary risk factors
underlying microvascular dysfunction.
Tawfik et al reported that iodine content quantification with

dual-source CT had higher accuracy than iodine enhancement
measurements.[17] MBFCT has also been studied using dual-
source CT, and a commercially available software package was
developed for this purpose (Syngo 3D; MMW, Siemens,
Erlangen, Germany).[18,19] The hyperemic MBFCT index was
reported as a better tool to identify functionally obstructive
coronary lesions (fractional flow reserve<0.75) than visual
coronary CTA alone.[20] CFRCT was significantly higher in low-
risk controls compared to patients with CAD.[21] Meinel et al
reported that patients with global MBF<1.21mL/mg/min were
at increased risk for major adverse cardiac events, which was
similar cutoff value of our globalMBFCT for obstructive CAD.[22]

We used low tube voltage at 80kV using the Toshiba hybrid
iterative reconstruction (AIDR 3D) for noise reduction, and
validated with 15O-water PET, known as a gold standard for
quantification of MBF.[4,23] Thus, the MBFCT measured by our
method could be the best representative of quantitative MBF
derived by 15O-water PET.
This study has several limitations. Our results represent a

single-center analysis of small number patients. Dynamic CT
imaging requires 25seconds of breath holding, radiation
exposure of 12 mSv, and 100mL of iodinated contrast agent.[4]

However, all patients in the present study (even mean age was 67
years old) could perform the breath hold. Further our study also
suggests a hyperemic-only CTP protocol may be reduce radiation
exposure and contrast agent in the future, since the diagnostic
value of hyperemic MBFCT was similar to that of CFRCT. The
second limitation of this study was that the definition of
obstructive stenosis was not a fractional flow reserve, but ≥70%
stenosis on invasive coronary angiography. It is possible that
fractional flow reserve was not impaired even in ≥70% stenosis.
However, myocardial ischemia was confirmed in most patients in
the obstructive CAD group using single photon emission
computed tomography, MRI, or PET, although 3 did not
undergo any functional tests. The 3 patients who did not undergo
functional tests showed severe stenosis (≥90%) in the proximal
coronary artery and underwent percutaneous coronary interven-
tion immediately after the CT perfusion study.
In conclusion, quantitative per-patient and per-vessel CFRCT

as well as hyperemic MBFCT assessed with 320-row MDCT,
showed a moderately good diagnostic performance for identify-
ing patients with obstructive CAD in a clinical setting. CFRCT

and MBFCT are clinically useful for evaluating CAD and may
contribute to pathophysiologic investigations of CAD.
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