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A B S T R A C T

Background: The relationship between shot-to-shot sampling rates for dynamic myocardial computed tomo-
graphy perfusion (CTP) and robustness of CTP-derived myocardial blood flow (CT-MBF) is debatable. We ret-
rospectively investigated the influence of a reduced sampling rate for dynamic CTP on CT-MBF computation and
diagnostic performance for detecting myocardial perfusion abnormalities.
Methods: Pharmacological stress dynamic whole-heart CTP was performed in 120 patients suspected with cor-
onary artery disease. Dynamic CTP data were obtained for 30 continuous heartbeats during the R-peak to R-peak
(1RR) interval on electrocardiography. Three additional datasets were created with sub-sampling acquisitions
every 2, 3, and 4 heartbeats from the original dataset as interval times of 2RR, 3RR, and 4RR, respectively. CT-
MBF was calculated using deconvolution analysis and determined as the mean value of the whole heart (global
CT-MBF) and using the 16-segment model (segmental CT-MBF). The diagnostic performance of segmental CT-
MBF for detecting perfusion abnormalities was compared to that of cardiac magnetic resonance imaging as the
gold standard in 32 of 120 patients. These results were compared among the four CTP datasets.
Results: Global CT-MBFs for 1RR, 2RR, 3RR, and 4RR sampling were 1.57 ± 0.34, 1.54 ± 0.36, 1.51 ± 0.37,
and 1.41 ± 0.33mL/g/min, respectively. Areas under the receiver operating characteristic curves of segmental
CT-MBF for 1RR, 2RR, 3RR, and 4RR sampling were 0.84, 0.83, 0.79, and 0.76, respectively (1RR versus [vs.]
2RR, non-significant; 1RR vs. 3RR or 4RR, p < 0.05).
Conclusion: CT-MBF with 2RR sampling has similar performance with regard to quantification and detecting
myocardial perfusion abnormalities as that with 1RR sampling.

1. Introduction

Functional assessment of myocardial perfusion in patients with
coronary artery disease (CAD) is important to help guide appropriate
treatment strategies and determine prognosis [1,2]. Although non-
invasive coronary computed tomography angiography (CTA) is widely
used to detect CAD, the morphology of coronary artery stenosis does
not always cause a corresponding myocardial perfusion abnormality
[3,4]. Recent developments in computed tomography (CT) technology
have enabled CT perfusion (CTP) imaging [5–7], and dynamic CTP
allows for a quantitative assessment of myocardial perfusion, which
provides high diagnostic performance for detecting perfusion abnorm-
alities [8–10].

The quantitative parameters of dynamic CTP (e.g., myocardial
blood flow [MBF]) are obtained by analyzing the time attenuation
curves (TAC) of the myocardium [11]. A high sampling rate on dynamic
CTP is preferable to accurately assess the MBF, but it leads to an in-
crease in the radiation dose. Several approaches have been applied to
reduce the radiation dose of dynamic CTP; for instance, low-tube-vol-
tage scanning and automated tube current modulation [12,13]. A low
sampling rate of dynamic CTP has also been proposed for reducing
radiation exposure in brain CTP imaging, but it might alter the hemo-
dynamic parameters [14–16]. Currently, there is no consensus re-
garding the sampling rate for dynamic CTP of the myocardium, and the
relationship between the sampling rate and robustness of CT-MBF has
not been fully investigated in a clinical study.
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We aimed to estimate the influence of the sampling rate on dynamic
CTP to quantify myocardial perfusion and the diagnostic performance
when detecting myocardial perfusion abnormalities in a clinical setting.

2. Methods

The present retrospective study was approved by our institutional
ethics committee. This study was registered in the Protocol Registration
System of the UMIN Clinical Trials Registry (UMIN 000032605).

2.1. Study population

We collected data on 179 consecutive patients who underwent
stress dynamic CTP for the assessment of CAD between July 2013 and
November 2017. Among 179 patients, 47 underwent cardiac magnetic
resonance (MR) imaging for the assessment of myocardial perfusion
and viability. The indication for cardiac CT and MR imaging was de-
termined by the attending physician at his or her discretion, based on
clinical symptoms, initial cardiac examinations, and the pretest prob-
ability of CAD.

Patients were excluded if they had any of the following: (1) acute
myocardial infarction (< 30 days from the onset), (2) cardiomyopathy,
(3) left ventricular ejection fraction<20%, (4) atrial fibrillation, (5) an
atrioventricular block greater than the first degree, (6) complete left
bundle branch block, (7) history of percutaneous coronary intervention
or coronary artery bypass grafting, (8) poor cardiac MR image quality,
and (9) an inappropriate CTP dataset such as that with insufficient
image quality, misaligned scan coverage, and delayed data acquisition
of dynamic CTP causing a shorter baseline (before upslope) of the TAC
in the ascending aorta. The radiation dose was calculated from the
dose-length product in a dose report (conversion factor= 0.014).

2.2. Cardiac CT: scanning protocol

A combined scanning protocol of stress dynamic CTP and coronary
CTA was used according to a previously reported method [10]. A 256-
slice multi-detector row CT unit (Brilliance iCT, Philips Healthcare,
Cleveland, OH, USA), an automatic dual injector (Stellant DualFlow,
Nihon Medrad KK, Osaka, Japan), and high-concentration contrast
medium ([CM], iopamidol 370mg iodine/mL; Bayer Yakuhin, Ltd.,
Osaka, Japan) were used. A timing bolus with a 20% diluted CM
(5.0 mL/s for 10 s) and saline chaser (5.0mL/s for 4 s) was adminis-
tered. The delay time of the dynamic CTP was determined as 6 s before
contrast enhancement in the ascending aorta to ensure that the baseline
TAC had been achieved. After 3min of adenosine triphosphate (ATP)
infusion (Adetphos-L Kowa injection 20mg; Kowa Inc., Tokyo, Japan;
0.16mg/kg/min for 5min), dynamic CTP was performed for 30 con-
secutive heartbeats in the prospective electrocardiogram-gated scan
mode at a target phase of 40% of the RR interval (end-systolic phase)
using a CM (5.0mL/s for 10 s) and saline chaser (5.0mL/s for 4 s).
Subsequently, coronary CTA was performed. The scanning parameters
for dynamic CTP were gantry rotation speed, 0.27 s/rotation; detector
collimation, 64× 1.25mm; tube voltage, 100 kV; and tube current-
time product, 80mAs.

2.3. Post-processing of dynamic CTP images

Dynamic CTP images with a 3-mm slice thickness were re-
constructed with filtered-back projection and a 360° reconstruction
algorithm. The original dataset of dynamic CTP consisted of 30 cardiac
phases with 1:1 heartbeat (1RR) sampling data acquisition. In this
study, three additional CTP datasets were generated from the original
data by selecting acquisition data at every other, every third, and every
fourth heartbeat (1:2 [2RR], 1:3 [3RR], and 1:4 [4RR] sampling, re-
spectively) (Fig. 1A). The CTP datasets were post-processed with elastic
registration (for motion compensation) and a spatio-diffusion filter (to

reduce image noise spikes over time) using a dedicated workstation
(IntelliSpace Portal, Philips Healthcare). One radiologist, with 7 years
of experience using cardiac CT, blindly analyzed the CT-MBF images
using a dedicated workstation (Synapse Vincent, Fuji Medical Systems,
Tokyo, Japan). The CT-MBF calculation was based on deconvolution
analysis [10]. The left ventricular global and segmental CT-MBFs of the
four different CTP datasets (sampling rates: 1RR, 2RR, 3RR, and 4RR)
were automatically calculated on the voxel basis and presented as mean
values with a polar map using a 16-segment model, excluding the apex
[17] (Fig. 1B).

2.4. Cardiac MR: protocol and image analysis

The comprehensive cardiac MR imaging protocol consisted of
stress/rest MR myocardial perfusion imaging (MR-MPI) and late ga-
dolinium enhancement (LGE) imaging as previously described [18]. A
3 T MR imaging system (Achieva 3.0 T Quasar Dual; Philips Healthcare,
Best, The Netherlands) that was equipped with a 32-element cardiac
phased-array coil was used. Stress and rest dynamic MR-MPI was per-
formed during and 10min after ATP infusion (0.16mg/min/kg for
3min). Data for every cardiac cycle were acquired for 35 s after a bolus
injection of a gadolinium-based CM (0.1 mmol/kg gadopentetate di-
meglumine, Magnevist; Schering, Germany; injection rate, 4 mL/s) and
saline chaser (30mL, 4mL/s). The perfusion sequence was acquired in
three identical short-axis locations (basal, mid, and apical left ven-
tricles) using a two-dimensional T1 turbo field-echo sequence with the
k-space and time broad-use linear acquisition speed-up technique (k-t
BLAST). The imaging parameters were as follows: repetition time,
3.7 ms; echo time, 1.85ms; flip angle, 20°; section thickness, 8 mm;
field of view, 400mm; matrix size, 256× 179; and k-t BLAST factor, 5.
LGE images were obtained with an inversion-recovery three-dimen-
sional T1 turbo field-echo sequence at 10min after rest dynamic MR-
MPI. The LGE imaging parameters were as follows: repetition time,
3.5 ms; echo time, 1.69ms; inversion time, 400–500ms (adjusted to the
null signal of the normal myocardium using the Look Locker sequence);
flip angle, 15°; section thickness, 6 mm; field of view, 350mm; matrix
size, 224×157; and sensitivity encoding (SENSE) reduction factor, 2.

Two experienced radiologists (with 9 and 13 years of cardiac MR
experience) visually analyzed all MR images in a blinded fashion. Using
the 16-segment model that excluded the apex [17], the radiologists
classified the myocardial segments into three groups: (i) normal seg-
ment: normal perfusion observed on both stress and rest images and
LGE not present; (ii) ischemic segment: a perfusion defect observed on a
stress image, normal perfusion observed on a rest image, and no LGE; or
(iii) infarcted segment: perfusion defects observed on stress/rest images
and LGE was present. Myocardial segments with ischemia or infarction
were defined as MR-MPI abnormalities. In case of disagreement be-
tween the radiologists, a final diagnosis was reached by consensus.

2.5. Statistical analyses

All data are expressed as the mean ± standard deviation or median
(interquartile range), as appropriate. The paired t-test was used to
compare the blood pressure (BP), or the heart rate (HR), before and
during the ATP injection. The global CT-MBFs with 2RR, 3RR, and 4RR
sampling were compared to that with 1RR sampling as a reference,
using the two one-sided test of equivalence for paired-samples (TOST-P)
with Bonferroni's correction [19–22]. The equivalence boundaries were
determined within± 5% of the mean CT-MBF value of the original data
(1RR sampling). The Pearson rank correlation test was used to assess
the relationship between the global CT-MBF with 1RR sampling and
that with 2RR, 3RR, or 4RR sampling. To perform a sub-analysis, all
patients were divided into two subgroups based on the HR during CTP
scan: 1) high HR subgroup, patients with HR of> 75 beats/min (60
patients); and 2) low HR subgroup, patients with HR of 75 beats/min or
less (60 patients). The TOST-P with Bonferroni's correction was used to
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compare global CT-MBFs with 2RR, 3RR, and 4RR sampling to that
with 1RR sampling for patients in high and low HR subgroups in the
same manner as that of the equivalence boundaries. Cohen's κ-value
was used to examine the inter-observer variability of the qualitative
assessment of cardiac MR. The TOST-P with Bonferroni's correction was
used to compare segmental CT-MBFs with 2RR, 3RR, and 4RR sampling
to that with 1RR sampling for normal and abnormal myocardial seg-
ments assessed with cardiac MR in the same manner as that of the
equivalence boundaries. The clustered nature of the data was adjusted
using logistic generalized estimating equations for the CTP segment-
based analysis [23]. A receiver operating characteristic curve analysis

was used to calculate the area under the curve of segmental CT-MBF for
detecting perfusion abnormalities on cardiac MR. The areas under the
curve of segmental CT-MBF with 2RR, 3RR, and 4RR sampling were
compared to that with 1RR sampling [24]. The cutoff values were de-
termined using the Youden index [25]. The sensitivity, specificity, po-
sitive predictive values, and negative predictive values for detecting
MR-MPI abnormalities were determined for each dynamic CTP dataset.
In all tests, statistical significance was determined as p < 0.05. In the
statistical analyses with Bonferroni's correction, the p-values were de-
scribed with threefold value. When the threefold p-value exceeds 1.000,
we described p > 1.000 as p=1.000. The statistical analyses were

Fig. 1. Assumption of the sampling rate for dynamic CTP.
(A) Original dynamic CTP was acquired at a sampling rate of 1RR interval of the cardiac cycle. Three additional CTP datasets were created from the original dataset
by selecting every other (2RR), every third (3RR), and every fourth (4RR) sampling.
(B) The polar maps of CT-MBF that were derived from dynamic CTP with sampling rates of 1RR (A), 2RR (B), 3RR (C), and 4RR (D).
CTP: computed tomography perfusion; CT-MBF: computed tomography-derived myocardial blood flow; RR: R-peak to R-peak.
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performed with JMP11 (SAS Institute, Cary, NC, USA) and the statis-
tical program R version 3.2.4 (R Foundation for Statistical Computing,
Vienna, Austria, http://cran.r-project.org).

3. Results

3.1. Study population

Of 179 patients, 59 were excluded due to incomplete dynamic CTP data
acquisition for this study protocol (n=36), a history of revascularization
(n=13), arrhythmia (n=3), cardiomyopathy (n=2), poor image quality
on cardiac MR images (n=2), insufficient image quality on CTP (n=2),
and misaligned scanning coverage on CTP (n=1), respectively. Finally,
120 patients, including 32 who underwent cardiac MR imaging, were en-
rolled in the present study. The patients' characteristics are shown in
Table 1. The 10-year CAD death pre-test probabilities were<0.5% (n=8),
0.5–1% (n=13), 1–2% (n=20), 2–5% (n=36), 5–10% (n=18),>10%
(n=25), according to a risk assessment based on a 19-year follow-up study
of Japanese representative population study (NIPPON DATA80) [26]. The
BP significantly decreased during ATP loading (systolic BP:
167.1 ± 25.0mmHg versus [vs.] 153.2 ± 26.3mmHg, diastolic BP:
71.2 ± 11.5mmHg vs. 66.3 ± 11.5mmHg, p < 0.05 for each). The HR
significantly increased during ATP loading (63.7 ± 10.1 beats/min vs.
78.2 ± 12.5 beats/min, p < 0.05). The HRs under the stress state in the
high and low HR subgroups were 88.8 ± 9.4 beats/min and
68.1 ± 5.8 beats/min. The mean effective radiation doses were
10.5 ± 0.4mSv and 6.6 ± 5.3mSv for CTP and coronary CTA, respec-
tively. In the 32 patients who underwent cardiac MR imaging, the median
interval between stress dynamic CTP and cardiac MR imaging was 28 days
(12–42 days). No patient presented with worsening angina or cardiac events
such as hospitalization for revascularization therapy or heart failure during
the imaging session.

3.2. Equivalences and relationships of global CT-MBF according to the
sampling rate

The estimation of the global CT-MBF is shown in Table 2. The global
CT-MBFs with 1RR, 2RR, 3RR, and 4RR sampling were 1.57 ±
0.34mL/g/min, 1.54 ± 0.35mL/g/min, 1.51 ± 0.37mL/g/min, and
1.41 ± 0.33mL/g/min, respectively.

The global CT-MBF with 2RR sampling was significantly equivalent to
that with 1RR (p < 0.05). Significant correlations in the global CT-MBF
were seen between 1RR sampling and 2RR, 3RR, or 4RR (p < 0.05 for
each; r=0.91 for 1RR vs. 2RR, r=0.89 for 1RR vs. 3RR, and r=0.82 for
1RR vs. 4RR) (Fig. 2A–C). The estimation of the global CT-MBF in the high

and low HR subgroups is also shown in Table 2. In the high HR subgroup,
the global CT-MBFs 1RR, 2RR, 3RR, and 4RR sampling were
1.74 ± 0.32mL/g/min, 1.72 ± 0.35mL/g/min, 1.69 ± 0.38mL/g/
min, and 1.56 ± 0.35mL/g/min, respectively. Significant equivalence
was seen between 1RR sampling and 2RR sampling (p < 0.05). In the low
HR subgroup, the global CT-MBFs 1RR, 2RR, 3RR, and 4RR sampling were
1.40 ± 0.27mL/g/min, 1.37 ± 0.28mL/g/min, 1.32 ± 0.25mL/g/
min, and 1.27 ± 0.25mL/g/min, respectively. Significant equivalence
was not observed in each pair.

3.3. Diagnostic performance of segmental CT-MBF for the detection of
myocardial perfusion abnormalities, depending on the sampling rate

A total of 512 segments (in 32 patients) were assessed with cardiac
MR imaging, and the myocardium was classified as normal in 274
segments (54%), ischemic in 196 (38%), and infarcted in 42 (8%).
Finally, 238 segments were classified as myocardial segments with MR-
MPI abnormalities. The inter-observer agreement for the qualitative
assessment of cardiac MR was 0.86, which indicated satisfactory re-
liability (κ > 0.70).

The estimation of segmental CT-MBF is shown in Table 3. In normal
myocardial segments, the mean values of segmental CT-MBF with 1RR,
2RR, 3RR, and 4RR sampling were 1.64 ± 0.33mL/g/min, 1.59 ±
0.32mL/g/min, 1.53 ± 0.36mL/g/min, and 1.43 ± 0.33mL/g/min, re-
spectively. Significant equivalence was seen between 1RR sampling and
2RR sampling (p < 0.05) (Fig. 3A). In ischemic myocardial segments, the
mean values of segmental CT-MBF with 1RR, 2RR, 3RR, and 4RR sampling
were 1.27 ± 0.31mL/g/min, 1.26 ± 0.30mL/g/min, 1.23 ± 0.31mL/
g/min, and 1.21 ± 0.34mL/g/min, respectively. Significant equivalence
was observed between 1RR sampling and 2RR or 3RR sampling (p < 0.05
for each) (Fig. 3B). In infarcted myocardial segments, the mean values of
segmental CT-MBF with 1RR, 2RR, 3RR, and 4RR sampling were
1.02 ± 0.22mL/g/min, 1.02 ± 0.24mL/g/min, 1.02 ± 0.24mL/g/min,
and 0.98 ± 0.31mL/g/min, respectively. Significant equivalence was ob-
served between 1RR sampling and 2RR or 3RR sampling (p < 0.05 for
each) (Fig. 3C).

Table 1
Patient characteristics.

Number of patients 120
Age (years) 68.3 ± 10.0
Men 78 (65)
Body mass index (kg/m2) 24.6 ± 3.9
Coronary risk factors
Hypertension 77 (64)
Dyslipidemia 60 (50)
Diabetes mellitus 44 (37)
Positive smoking history 60 (50)
Family history of CAD 31 (26)

Heart rate (beats/min)
Before ATP injection 63.7 ± 10.1
During ATP injection 78.2 ± 12.5

CAD: coronary artery disease; ATP: adenosine triphosphate.
Data are presented as a number (percentage) or mean ± standard
deviation.

Table 2
Estimation of the global CT-MBF for the sampling rate.

CT-MBF (mL/g/min) Difference from 1RR (%) p-Value

All patients
1RR sampling 1.57 ± 0.34
2RR sampling 1.54 ± 0.36 −2.0 (−3.7 to −0.3) <0.001
3RR sampling 1.51 ± 0.37 −4.3 (−6.2 to −2.3) 0.699
4RR sampling 1.41 ± 0.33 −10.2 (−12.5 to −7.9) 1.000

High HR group
1RR sampling 1.74 ± 0.32
2RR sampling 1.72 ± 0.35 −1.5 (−3.8 to 0.8) 0.004
3RR sampling 1.69 ± 0.38 −2.8 (−5.5 to −0.2) 0.159
4RR sampling 1.56 ± 0.35 −10.7 (−13.9 to −7.4) 1.000

Low HR group
1RR sampling 1.40 ± 0.27
2RR sampling 1.37 ± 0.28 −2.6 (−5.2 to −0.07) 0.110
3RR sampling 1.32 ± 0.25 −6.1 (−9.0 to −3.2) 1.000
4RR sampling 1.27 ± 0.25 −9.5 (−12.8 to −6.3) 1.000

CT-MBF: computed tomography myocardial blood flow; 1RR: 1:1 heartbeat;
2RR: 1:2 heartbeat; 3RR: 1:3 heartbeat; 4RR: 1:4 heartbeat; HR: heart rate. The
CT-MBF values are expressed as the mean ± standard deviation. The percen-
tage of the differences in the CT-MBF value with 1RR sampling and 2RR, 3RR,
or 4RR sampling to the mean CT-MBF value of 1RR sampling dataset are ex-
pressed as the mean (95% confidence interval). Note that the p-values are de-
scribed with threefold values adjusted by Bonferroni's correction. The p-value is
described it as p=1.000, when the threefold p-value exceeds 1.000. *p < 0.05
indicates statistically significant equivalence between the CT-MBF for each
sampling rate and 1RR sampling.
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According to the receiver operating characteristic curve analysis,
the areas under the curve of segmental CT-MBF with 1RR, 2RR, 3RR,
and 4RR sampling for detecting perfusion abnormalities on cardiac MR
were 0.84 (95% confidence interval [CI]: 0.80–0.88), 0.83 (95% CI:
0.79–0.86), 0.79 (95% CI: 0.75–0.83), and 0.76 (95% CI: 0.72–0.80),
respectively (Table 4). A significant difference in the area under the
curve of segmental CT-MBF was seen between 1RR sampling and 3RR
or 4RR sampling (p < 0.05 for each). The sensitivity, specificity, po-
sitive predictive value, and negative predictive value of segmental CT-
MBF for each sampling rate are shown in Table 4. Representative pa-
tients with myocardial ischemia (Fig. 4) and infarction (Fig. 5) show
that the effects of sampling rate to CT-MBF quantification.

4. Discussion

The main findings of this study were as follows: (1) global CT-MBF
with 2RR sampling is equivalent to that with 1RR sampling; (2) reduced
sampling influenced the CT-MBF calculation, especially in a normal
myocardium; and (3) 3RR and greater sampling of dynamic CTP im-
paired the diagnostic performance for detecting myocardial perfusion
abnormalities.

The quantification of dynamic myocardial CTP is influenced by the
temporal resolution of dynamic CTP data depending on the sampling
rate and HR during scanning. Although a sampling of every heartbeat is
theoretically desirable to obtain the optimal CTP data to quantify
myocardial perfusion [27], this is not always feasible, and therefore,
several sampling rates have been applied in previous clinical studies
[8–10,28]. In the present study, global CT-MBF with 2RR sampling was
significantly equivalent to that with 1RR sampling as a reference, while
CT-MBF with 3RR or 4RR sampling was not. The mean value of global
CT-MBF was reduced and the correlation with reference (1RR sam-
pling) was weakened as sampling rate decreased (Table 2, Fig. 2).
Ishida et al. reported that reduced sampling of a dynamic scan led to an

Fig. 2. Estimation of correlations in the global CT-MBF between 1RR (original
data set) and the assumed lower sampling.
Correlations (r) were 0.91, 0.89, and 0.82 for 1RR vs. 2RR sampling (A), 1RR
vs. 3RR sampling (B), and 1RR vs. 4RR (C), respectively.
CT-MBF: computed tomography-derived myocardial blood flow; RR: R-peak to
R-peak; vs.: versus.

Table 3
Estimation of segmental CT-MBF for the sampling rate.

CT-MBF (mL/g/min) Difference from 1RR (%) p-Value

Normal segments
1RR sampling 1.64 ± 0.33
2RR sampling 1.59 ± 0.32 −3.0 (−4.0 to −2.0) <0.001
3RR sampling 1.53 ± 0.36 −6.8 (−8.6 to −5.1) 1.000
4RR sampling 1.43 ± 0.33 −12.7 (−14.6 to −10.9) 1.000

Ischemic segments
1RR sampling 1.27 ± 0.31
2RR sampling 1.26 ± 0.30 −1.1 (−2.4 to 0.2) <0.001
3RR sampling 1.23 ± 0.31 −3.1 (−4.7 to −1.4) 0.035
4RR sampling 1.21 ± 0.34 −5.0 (−7.4 to −2.7) 1.000

Infarcted segments
1RR sampling 1.02 ± 0.22
2RR sampling 1.02 ± 0.24 0.02 (−2.6 to 2.6) <0.001
3RR sampling 1.02 ± 0.24 −0.02 (−4.1 to 4.1) 0.028
4RR sampling 0.98 ± 0.31 −4.4 (−11.9 to −3.2) 1.000

CT-MBF: computed tomography myocardial blood flow; 1RR: 1:1 heartbeat;
2RR: 1:2 heartbeat; 3RR: 1:3 heartbeat; 4RR: 1:4 heartbeat. The CT-MBF values
are expressed as the mean ± standard deviation. The percentage of the dif-
ferences in the CT-MBF value with 1RR sampling and 2RR, 3RR, or 4RR sam-
pling to the mean CT-MBF value of 1RR sampling dataset are expressed as the
mean (95% confidence interval). Note that the p-values are described with
threefold values adjusted by Bonferroni's correction. The p-value is described it
as p=1.000, when the threefold p-value exceeds 1.000. *p < 0.05 indicates
statistically significant equivalence among the CT-MBFs for each sampling rate
compared with the 1RR sampling as a reference.
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underestimation of the quantitative parameters of myocardial perfusion
in a simulation study [29]. Modgil et al. indicated that precise data
acquisition around the delivery time of CM (the starting point of TAC)
and peak enhancement time of the myocardium (the peak point of TAC)
were important factors for accurately computing MBF [30], and re-
duced sampling of dynamic CTP led to the risk of overlooking the start
or peak point of TAC.

The present study showed that reduced sampling had a greater in-
fluence on the CT-MBF calculation in high HR groups than in low HR
groups (Table 2). The interval time of scan in a low HR patient is longer
than in a high HR patient. Therefore, the low HR group might be more
sensitive to a reduced sampling rate.

The present study showed that reduced sampling had a greater in-
fluence on the CT-MBF calculation in normal myocardium than in ab-
normal myocardium (Table 3, Fig. 3). This is because MBF in normal
myocardium is substantially greater than that in abnormal myocardium
under stress and has higher temporal frequency information in TAC
than abnormal myocardium, and a higher sampling rate is necessary to
acquire accurate perfusion data from a normal myocardium than in an
abnormal myocardium [31]. Therefore, reduced sampling of a perfu-
sion scan may have a major impact on a normal myocardium, which
might reduce the differences in CT-MBF between normal and abnormal
myocardia. Accordingly, the diagnostic performance of CT-MBF for
detecting myocardial perfusion abnormalities was impaired by reduced
sampling of dynamic CTP (Table 4).

The stress MBF values in normal myocardium observed in the pre-
vious CT studies are substantially smaller than MBF values obtained by
the gold standard method, such as Oxygen-15-labelled water positron
emission tomography (PET) by several factors such as the uptake ki-
netics of contrast medium, acquisition protocols, and post-processing
methods [10,32]. Thus, the cut-off values of stress MBF for the detec-
tion of significant CAD determined in the CT studies are different from
that in perfusion PET study.

Our study showed that 2RR sampling was equivalent to 1RR sam-
pling for global CT-MBF and segmental CT-MBF in normal and ab-
normal myocardia, and there was no significant difference in the di-
agnostic performance of CT-MBF with 1RR and 2RR sampling for
detecting myocardial perfusion abnormalities. Huber et al. also showed
that CT-MBF with 2RR sampling had high diagnostic performance for
detecting obstructive CAD as a reference of the fractional flow reserve
[28]. The present results indicated that dynamic CTP with reduced
sampling of the 2RR interval would be useful for reducing the radiation
dose (e.g. 15/30 phases for 2RR sampling= 50% reduction) and
maintaining diagnostic performance.

Although the CT-MBF values obtained from 2RR to 4RR sampling
showed significant correlation with the CT-MBF values obtained from

Fig. 3. Estimation of equivalences in segmental CT-MBF between 1RR and the
assumed lower sampling.
Error bars indicate the 95% confidence interval of the mean percentage of
difference between segmental CT-MBF with 1RR sampling and that with 2RR,
3RR, or 4RR sampling to the mean CT-MBF value of the 1RR sampling dataset.
(A) A significant equivalence is observed between 1RR and 2RR sampling in
normal myocardial segments. The equivalence boundary (red dotted lines) was
determined at 5% of the mean CT-MBF value of the 1RR sampling dataset
(−5%, 5%). (B) Significant equivalencies are observed between 1RR and 2RR
sampling and 1RR and 3RR sampling in ischemic myocardial segments. The
equivalence boundary (red dotted lines) was determined at 5% of the mean CT-
MBF value of the 1RR sampling dataset (−5%, 5%). (C) Significant equiv-
alencies are observed between 1RR and 2RR sampling and 1RR and 3RR
sampling in infarcted myocardial segments. The equivalence boundary (red
dotted lines) was determined at 5% of the mean CT-MBF value of the 1RR
sampling dataset (−5%, 5%).
CT-MBF: computed tomography-derived myocardial blood flow; RR: R-peak to
R-peak. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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1RR sampling in this study, the correlation coefficients were lower in
order from 2RR to 4RR sampling because several factors such as scan
HR and true MBF affected the influence of reducing sampling rate on
the quantification of CT-MBF. Hence, we speculated that linear re-
gression may be insufficient to accurately correct the CT-MBF obtained
from low sampling rate. Hubbard et al. reported the feasibility of cal-
culation method of true MBF from CTP data with low sampling rate in
animal study [33]. Further investigation is required to establish the
accurate calculation method of true MBF from CTP data with low
sampling rate in clinical study. Moreover, Tomizawa et al. reported that
the CT-MBF with low sampling rate provided the incremental value
over diagnostic performance of coronary CTA alone in combination
with myocardial segmentation using Voronoi method and relative CT-
MBF ratio [34]. These reinforcements also have a possibility to improve

the diagnostic performance of CT-MBF with low sampling rate.
This study has several limitations. First, this was a retrospective cohort

study with a small population. A larger prospective study is necessary.
Second, we could not compare CT-MBF with other MPI modalities such as
PET, which has been established as the gold standard [35,36]. Third, the
CT-MBFs obtained in this study were relatively lower than those obtained
by PET studies as mentioned above [32]. Finally, we used only a single
calculation formula that was based on model-independent deconvolution.
A further study using other calculation methods such as the maximum
slope method, two-compartment model, and others is required.

In conclusion, our study demonstrates that dynamic myocardial CTP
with 2RR sampling is feasible for the quantification of CT-MBF based on
deconvolution analysis, providing similar performance as that of 1RR
sampling while reducing radiation dose. Further reductions to the

Table 4
Diagnostic performance of CT-MBF for detecting MR-MPI abnormalities according to the sampling rate.

Sampling rate AUC p-Value Cutoff value (mL/g/min) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

1RR 0.84 (0.80–0.88) − 1.41 82 (76–86) 84 (80–88) 81 (78–86) 84 (80–88)
2RR 0.83 (0.79–0.86) 0.149 1.40 79 (71–86) 78 (71–85) 76 (71–82) 81 (77–86)
3RR 0.79 (0.75–0.83) < 0.001 1.36 77 (72–87) 73 (62–79) 72 (66–76) 79 (75–86)
4RR 0.76 (0.72–0.80) < 0.001 1.30 78 (69–87) 69 (58–79) 69 (64–75) 78 (73–85)

CT-MBF: computed tomography-derived myocardial blood flow; MR-MPI: magnetic resonance myocardial perfusion imaging; AUC: area under the curve; PPV:
positive predictive value; NPV: negative predictive value; 1RR: 1:1 heartbeat; 2RR: 1:2 heartbeat, 3RR: 1:3 heartbeat, 4RR: 1:4 heartbeat. Data are expressed as a
percentage (95% confidence interval). Note that the p-values are described with threefold values adjusted by Bonferroni's correction. The p-value is described it as
p=1.000, when the threefold p-value exceeds 1.000. *p < 0.05 indicates the statistical significance of the AUC value, compared with a sampling rate of 1RR.

Fig. 4. A 61-year-old man with effort angina.
Stress MR-MPI shows a perfusion defect (red arrows) in the antero-septal area of the left ventricle in an apical image (A). Coronary angiography shows severe stenosis
(red arrow) in the mid-portion of the left anterior descending artery (B). A polar map of CT-MBF with 1RR sampling (original data set) clearly reveals lower CT-MBF
in the same area from the mid-portion to the apex of the left anterior descending artery (C). Polar maps of CT-MBF with 2RR (D), 3RR (E), and 4RR (F) sampling show
that a lower sampling rate attenuated the differences in CT-MBF between normal and abnormal myocardia by reduced sampling on a dynamic CTP scan.
MR-MPI: magnetic resonance myocardial perfusion imaging; CT-MBF: computed tomography-derived myocardial blood flow; RR: R-peak to R-peak. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sampling rate affect the CT-MBF calculation, thereby impairing the
diagnostic performance for detecting myocardial perfusion abnormal-
ities.
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