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Abstract

Purpose
We propose a resting coronary �ow index (rCFI) estimated by dynamic coronary CT angiography (CCTA)
for potential use in detecting coronary plaque burden and myocardial ischemia.

Materials and Methods
A total of 124 patients with stable coronary artery disease (CAD) who underwent CCTA were prospectively
enrolled in this study. The original data set of dynamic CCTA with continuous 8 to 12 cardiac cycles was
interpolated to 24 to 36 image sets using the motion coherence image processing. Using the maximum
slope method, rCFI was de�ned as the ratio of the maximum upslope in the attenuation of distal coronary
artery to that of the ascending aorta. Coronary plaques were classi�ed as non-calci�ed or calci�ed based
on the presence or absence of low attenuation plaque. For patients who may need additional functional
assessment, additional stress/rest myocardial perfusion scintigraphy (MPS) was performed.

Results
rCFI for vessels with non-calci�ed plaques was signi�cantly lower than that for normal arteries (0.73 ± 
0.23 vs. 0.88 ± 0.22, p < 0.00001). In limited intermediate stenosis, a similar signi�cant difference was
observed between the two groups (0.76 ± 0.23 vs. 0.89 ± 0.20, p < 0.0001). In contrast, no signi�cant
decrease in rCFI was observed between normal and calci�ed plaques (0.81 ± 0.28). rCFI for ischemia
depicted by MPS was signi�cantly lower than for non-ischemia (0.63 ± 0.24 vs. 0.84 ± 0.19, p < 0.05). The
use of the optimal cutoff could detect ischemia, with a C-static value of 0.73, 53% sensitivity, and 93%
speci�city.

Conclusion
rCFI can be used for the detection of plaque burden and myocardial ischemia in CAD.

Introduction
Coronary CT angiography (CCTA) is a standard imaging technique used to detect coronary stenosis and
atherosclerosis. According to the latest guidelines, functional coronary stenosis, rather than anatomic
coronary stenosis, is key in determining whether to perform coronary intervention such as
revascularization therapy 1,2. Fractional Flow Reserve (FFR) and instantaneous wave-free ratio (iFR) are
well-known indices for detecting functional coronary stenosis 3. FFR and iFR are coronary pressure ratios
measured by a pressure wire during invasive coronary angiography, and are used to estimate coronary
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�ow based on the linear correlation between coronary pressure and �ow under speci�c conditions 4,5.
Meanwhile, non-invasive methods for detecting functional coronary stenosis are becoming more popular,
such as CT-derived FFR (FFR-CT), which estimates hyperemic coronary pressure from CCTA images using
�uid mechanics, has been developed 6,7. Recent studies have reported the method’s high sensitivity and
diagnostic ability for detecting functional stenosis compared with conventional CCTA6,7.

FFR has been the gold standard for the indication of revascularization therapy until recently, when major
studies revealed the non-inferiority of iFR against FFR. iFR is expected to become the new gold standard,
because of its superiority over FFR in term of causing less chest discomfort and allowing for shorter
operation times. CCTA veri�ed positive remodeling, spotty calci�cation, and low attenuation plaques (< 30
Houns�leds units [HU]) are considered morphological characteristics of high-risk plaques (HRP), which
are independent predictors of acute coronary syndrome8. However, the in�uence of HRP on coronary
artery �ow in vivo has not been elucidated. The present study proposes a resting coronary �ow index
(rCFI) estimated by dynamic CCTA combined with a low dose and boost scan to investigate the in�uence
of HRP on coronary �ow. In addition, we investigate the ability of rCFI in detecting myocardial ischemia,
which is conventionally depicted by stress/rest myocardial perfusion scintigraphy (MPS).

Materials And Methods
Study population

The study population was comprised of 124 stable patients with suspected or known CAD who
underwent CCTA between June 2017 and November 2019, prospectively. Exclusion criteria were as
follows; age under 35 years, patients with allergy to iodinated contrast, renal dysfunction except for
dialysis patients (estimated glomerular �ltration rate < 30 mL/min/1.73 m2), systolic blood pressure <90
mmHg, prior coronary artery bypass surgery (CABG), acute myocardial infarction (within 3 months),
unstable angina (recent onset of angina within 1 month, or severe and worsening clinical symptoms),
severe left ventricular dysfunction (left ventricular ejection fraction <20%), congestive heart failure (New
York Heart Association class ), signi�cant valvular disease, non-ischemic cardiomyopathy, and
congenital heart disease. Patients with high heart rate (over 70 bpm at the time of scan) or arrhythmia
including frequent extra beats were also excluded. Patient characteristics are summarized in Table 1.
Stented vessels with chronic total occlusion or with diffuse circumferential advanced calci�cation were
excluded from the analysis. Any medical history of diabetes, hypertension, and hyperlipidemia was
extracted from all the patients’ medical records and reviewed. Patient with a prior medical history,
regardless of current treatment, were considered positive. Informed written consent was obtained from
each patient before the study, and complied with the Declaration of Helsinki. This study was approved by
the Ethics Committee of Tokyo Women’s Medical University.

Dynamic CCTA scan with dose modulation
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All participants underwent dynamic CCTA with dose modulation using a 320-row CT scanner (Aquilion
One Genesis Edition; Cannon Medical Systems Co., Tochigi, Japan). This dynamic scan protocol builds
based on the previous studies 9,10. Intravenous or oral metoprolol (20mg) was administered for patients
with a heart rate of ≥65 beats/min. Immediately before image acquisition, all patients received
sublingual nitroglycerine 0.2 mg. First, the test-bolus examination was performed using prospective
electrocardiography (ECG)-gating axial scans. This was done at the ascending aorta, at the slice level of
the left main trunk in mid-diastole for 15-25 cardiac cycles during a 20.0-second period and starting at 7.0
seconds after the initiation of the bolus injection of the contrast media to determine the optimal scan
timing. After the test-bolus examination, dynamic CCTA scanning was continuously performed in mid-
diastole for 8 to 12 cardiac cycles with prospective ECG-gating axial scans after a 10-seconds contrast
media injection (259 mg/kg, Iopamiron 370; Bayel Healthcare, Osaka, Japan). One scan of the dynamic
CCTA was performed as a boost scan for standard CCTA at the peak phase of the ascending aorta, which
was determined by a test bolus examination. The acquisition parameters are summarized in Table 2.

The standard CCTA was analyzed using a workstation (Ziostation, Ziosoft, Tokyo, Japan) based on a
combination of transverse sections and automatically generated curved multiplanar reconstruction
(MPR) images of the target vessels. A semi-automated vessel analysis tool was used for grading the
severity of stenosis. Images were clinically interpreted by the consensus decision of an experienced
radiologist and cardiologist, using the American Heart Association (AHA) 15-segment model. The degree
of coronary stenosis was classi�ed as follows: none (0%), mild (1% to 49%), moderate (50% to 74%), and
severe (≥75%). A single vessel having multiple lesions was considered as one with the most severe
stenosis. Coronary plaques were classi�ed as non-calci�ed and calci�ed based on the presence or
absence of low attenuation plaque (LAP) and positive remodeling. LAP was de�ned as plaques
containing any voxel <30 HU8. Positive remodeling was de�ned as a ratio >1.1 between the vessel area at
the lesion and that of a proximal reference point8. Plaques with LAP, positive remodeling, and partially
calci�ed plaques were classi�ed as non-calci�ed. Completely calci�ed plaques without LAP and positive
remodeling were de�ned as calci�ed plaques. No plaque or calci�cation in the target vessel was de�ned
as normal. 

We recorded the machine-generated volume CT dose index (mGy) and the dose-length product (DLP,
mGy.cm) for the dynamic CCTA scan11.

Calculation of rCFI

The data set for dynamic CCTA with continuous 8 to 12 cardiac cycles was transformed into
commercially available software (Ziostation 2 Phyziodynamics; Ziosoft, Tokyo, Japan). Through the
motion coherence image processing (MCIP) 9,10, the original data set was interpolated by neighbouring
phases up to 24 to 36 dynamic image sets (Fig. 1A). In the converted dynamic series, a spherical volume
of interest (VOI) was drawn in the ascending aorta and distal sites of coronary arteries with a diameter of
2 mm (coronary segment #3 in the right coronary artery, #7-8 in the left anterior descending artery, #13-14
in the left circum�ex artery, and the distal site of the major branches such as the diagonal, ramus, and

https://www.sciencedirect.com/topics/medicine-and-dentistry/metoprolol
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obtuse marginal in case where signi�cant myocardial ischemia was proven by myocardial perfusion
imaging). Once VOI was activated, it automatically tracked the movement of the coronary artery, it
automatically tracked with voxel in all phases 12. CT value was then exported as a time-density curve in
Microsoft Excel. The slope of the dynamic curve was set for its starting point and the peak. Based on the
maximum slope method, rCFI was generated using the ratio of the maximum upslope in the distal
coronary artery and that of the ascending aorta (Fig. 1B). In patients with coronary calci�cations, VOI was
placed in a manner that avoided those calci�cations.

Stress/rest myocardial perfusion scintigraphy (MPS)

For patients with mild to moderate coronary stenosis, with atherosclerotic plaques on CCTA, and who
may need additional functional assessment, an adenosine stress/rest 99mTc tetrofosmin (Myoview®,
Nihon-mediphysics, Tokyo) single-photon emission computed tomography (SPECT) was performed.
99mTc SPECT images were obtained using a dual-head SPECT/CT gamma-detector system (Symbia S®,
Siemens Healthcare, Erlangen, Germany) equipped with a smart zoom collimator. A total of 30 projection
data sets were obtained in a 64x64 matrix over a 180º arc. The acquisition time was 40 seconds after
stress and 30 seconds at rest for each projection. Adenosine stress (0.12mg/min/kg) was administrated
3 minutes prior to stress scan and continued for 6minutes. All patients were refrained from
aminophylline-containing medications or caffeine-containing beverages at least 12 hours before the
scan. SPECT images were reconstructed and converted to a polar map analysis by a commercially
available, stand-alone automatic tool (QGS®, Ceders-sinai, California). Visual scoring using a 0 to 4-point
scale was performed with a polar map output according to the AHA 17 segment model 13. A summed
differential score (SDS) >2 per each coronary territory was de�ned as positive for myocardial ischemia
14,15. Based on each patient's MPS results, we categorized the territories of the RCA, the LAD, and the LCX
as non-ischemic or ischemic. The ischemic territory was de�ned as a territory that consisted of one or
more segments of ischemia.

Statistical analysis

Continuous data was expressed as the mean ± the standard deviation. Testing of differences between
demographic and clinical data of rCFI and other factors were accomplished using the Kruskal-Wallis test
or the Mann-Whitney U test for continuous variables, and either the Pearson’s chi-square test or Fisher’s
exact test for categorical variables. A receiver-operating-cumulative curve (ROC) analysis was performed
to determine the optimal cutoff of the rCFI for the detection of ischemia, and to investigate the area under
the curve (AUC), sensitivity, and speci�city. All statistical tests conducted were two-sided. A p-value of
<0.05 was considered statistically signi�cant when comparing two groups. A p-value of <0.016 was
considered statistically signi�cant when comparing three groups. These analyses were performed using
the JMP statistical software (Version 9.0; JMP, Inc., Cary, North Carolina). 

Results
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rCFI of all 124 patients were measured. Baseline characteristics are listed in Table 1. The 30 participants
who had no stenosis or calci�cation in all their vessels were considered as normal controls. Their three
major vessels were de�ned as normal coronary arteries. rCFI for control patients was 0.93±0.20 (RCA
1.02±0.24, LAD 0.94±0.18, LCX 0.83±0.13). The mean max heart rate during examination was 57 bpm
and Agatston score was 112±505. The CT dose index and DLP for all dynamic CCTA scan were 22.9±7.0
mGy and 324±107 mGy.cm, respectively. In total, 337 vessels were analyzed, with 35 vessels were
excluded because of Chronic total occlusion, stent implants, and diffuse circumferential advanced
calci�cation.

Comparison of rCFI by plaque characteristics

Of the 337 total vessels, 169 vessels (50.1%) were diagnosed as normal, 99 vessels (29.3%) as non-
calci�ed plaques, and 69 vessels (20.5%) as calci�ed plaques. The non-calci�ed group contained 16
vessels with positive remodeling. rCFI for vessels with non-calci�ed plaques was signi�cantly lower than
that for normal vessels (0.73±0.23 vs. 0.88±0.22, p<0.00001) (Fig. 2). 

There was no signi�cant difference between normal and calci�ed plaques (0.88±0.22 vs. 0.81±0.28,
p=0.098), and between non-calci�ed and calci�ed plaques (p=0.173). For vessels with non-calci�ed
plaques, rCFI for those with positive remodeling was signi�cantly lower than those without it (0.70±0.17
vs. 0.93±0.20, p=0.005). Positive remodeling was seen in three of RCA, nine of LAD and four of LCX.
Similar trends in rCFI value were observed when analyzing each coronary artery (Table 3).

Comparison of rCFI by stenosis severity

Of the 337 total vessels, 75 vessels (22.3%) had moderate stenosis (50%-75%), and 25 vessels (7.4%) had
severe stenosis (>75%). No stenosis and mild stenosis (<50%) was observed in 237 vessels (70%). rCFI
values for moderate and severe stenoses were signi�cantly lower than those for no and mild stenoses
(<50% vs. 50-75%, 0.88±0.22 vs. 0.73±0.24, p<0.0001; <50% vs >75%, 0.88±0.22 vs 0.67±0.26, p=0.00042)
(Fig. 3). There was no signi�cant difference between moderate and severe stenosis

For no stenosis and mild to moderate stenosis (n=312), rCFI was signi�cantly lower for non-calci�ed
plaques than for normal vessels (0.76±0.23 vs. 0.89±0.20, p<0.0001) (Fig. 2).

 

The potential use of rCFI in the detection of ischemia

For the assessment of functional ischemia, 43 patients (34.6%) underwent stress/rest MPS. The median
interval between the CCTA and MPS was 60 days. 14 coronary territories were excluded according to the
exclusion criteria of stent implant or severe calci�cations. The remaining 115 coronary territories were
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analyzed. Of the 115 vessels, 13 territories (11.3%) were positive for ischemia, while 102 territories
(88.6%) were negative.

rCFI was signi�cantly lower for ischemia than non-ischemia (0.63±0.24 vs. 0.84±0.19, p<0.05) (Fig. 4). 

Association with rCFI and coronary risk factors

In this study, coronary risk factors were observed in some patients, with 39 having (31.4%) diabetes, 70
(56.4%) having hyperlipidemia, and 68 having (54.8%) hypertension. rCFI values were signi�cantly lower
for patients with these risk factors than those without (Table 4).

The use of the cutoff of rCFI value of 0.59 could be predictive of ischemia, with an AUC of 0.73, a
sensitivity of 53% and a speci�city of 93%. A representative case is presented in Figure 5A, 5B, 5C, and
5D.

Discussion
This is the �rst study investigating the ability of rCFI derived from dynamic CCTA and MCIP in detecting
plaque burden and myocardial ischemia. This study modi�es the previous test injection method9 and
attempts a new scanning protocol that can simultaneously acquire both standard CCTA and dynamic
data. With this, the contrast of the coronary artery is su�ciently obtained, and intracoronary dynamic �ow
of contrast media—which had its starting peak CT value during the dynamic series—can be measured
with good reproducibility.

rCFI naturally decreased with the degree of narrowing of the coronary lumen (Fig. 3). One interesting
observation is that the presence of non-calci�ed plaques reduced rCFI in non-stenosis and mild to
moderate coronary stenosis (Fig. 2). In addition, positive remodeling—a characteristic of high-risk plaque
—also reduced rCFI. We consider the following pathophysiological phenomena as reasons for non-
calci�ed plaques and decreased rCFI: Firstly, in �uid dynamics, increased vascular resistance in
functional stenosis with non-calci�ed plaques causes decreased perfusion pressure at distal sites9:
Secondly, intimal proliferation in atherosclerosis reduces shear stress to the vessel wall, resulting in a
vortex and slow �ow16. High-risk plaques are associated with the presence of FFR-veri�ed ischemia
regardless of the degree of luminal narrowing17,18. High-risk plaques are prone to result in acute coronary
syndrome and have described as strong predictors of adverse events19–21. The results of rCFI con�rm
that the presence of high-risk plaques predisposes the patients to ischemia and acute coronary syndrome
if triggered. In contrast, there was no decrease in rCFI observed in calci�ed plaques. The average
Agatston score for all patients was 112, which is quite low. This may be due to having only a few
subjects at the end stage of atherosclerosis after the exclusion of severe calci�cation cases was done.
Myocardial PET studies have reported that calci�ed plaques do not contribute to reducing myocardial
�ow reserve22, which was consistent with our results.
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Ischemic territories depicted by SPECT had a signi�cantly lower value in rCFI than non-ischemic territories
(Fig. 4). When the optimal cutoff of rCFI was used to diagnose ischemia, the sensitivity was only 53%, but
the speci�city was 93%. One of the reasons for the low sensitivity is the presence of false positives in the
inferior wall of the left ventricle on SPECT; that is, in the RCA territory23. In our study, the rCFI for the RCA
ischemia depicted by SPECT (n = 7) was 0.81 ± 0.21. In contrast, the rCFI for LAD and LCX ischemia (n = 
6) was 0.43 ± 0.21. There was a discrepancy between the RCA territory and the other territories.
Accordingly, SPECT diagnosis of the RCA territory may include false positives. Under hyperemic
conditions, there is no decrease in coronary �ow at about 40% stenosis compared to that at rest, but a
signi�cant decrease in coronary �ow appears at stenosis of 80% or more24. Although rCFI is a resting
�ow index, it is highly speci�c for the detection of ischemia as a functional index—combining plaque
burden and morphological stenosis.

For the analysis by patient—regardless of coronary stenosis—rCFI was signi�cantly lower for patients
with hypertension, hyperlipidemia, and diabetes than those without these conditions (Table 4). These
coronary risk factors are known to affect vascular endothelial function and coronary microcirculation25.
We speculate that rCFI may re�ect vascular endothelial function before causing coronary stenosis.

The limitation of our study should be acknowledged. First, this was a single-center cohort study with a
small sample size. However, there was no bias in patient selection because of the prospective study
design. FFR-CT is most commonly used as a non-invasive technique using CCTA for functional coronary
artery stenosis6,7. Compared to FFR-CT, extra radiation exposure should be noted because a dynamic
scan was required. In this CT protocol, the average DLP was 324 mGy.cm. This is considered within the
diagnostic reference level of CCTA in Western countries. Meanwhile, FFR-CT requires that CT data be sent
to the technology provider, as well as supercomputing spec6,7. Our image analysis did not require
supercomputers and could be analyzed immediately after imaging in a relatively short time (around 30
minutes). The work�ow, from the start of inspection to diagnosis, ends in one day. Finally, rCFI should be
compared with invasive iFR and FFR. In this study, only six patients were compared with invasive iFR in
this study, the Pearson correlation coe�cient between rCFI and invasive iFR was 0.47, indicating a
moderate correlation. This presents an opportunity for the future studies.

In conclusion, the present study proposes the use of rCFI derived from dynamic CCTA as a non-invasive
quanti�cation of coronary �ow dynamics. rCFI can be used for the detection of plaque burden and
myocardial ischemia in stable CAD. This novel technique can be added to routine clinical workups to
predict hemodynamically signi�cant coronary stenosis in patients.
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Figure 1

A. A woman in her 60s with an effort angina. CCTA at boost scan (upper row) shows a moderate stenosis
with non-calci�ed plaque at RCA #2 (arrow) and 90% or more stenosis with non-calci�ed plaque at LAD
#6 (arrow). Volume rendering whole heart dynamic CCTA reconstructed by motion coherence image
processing (lower row) demonstrates a �rst pass of contrast media in coronary arteries with a high
spatial resolution and noise reduction. B. Calculation of rCFI Graphs for the same patient as in Figure 1
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show time-density curves of intra-coronary attenuation (HU; Houns�eld units) for the ascending aorta and
distal portion of the LAD #8 throughout all phases. The maximum upslope (HU/phase) for the sites was
calculated from the liner upslope of the CT value, which represents the pass of contrast media. From 0 to
the 28th phase, the maximum upslope for the ascending aorta and distal site of stenosis were 17.7
HU/phase and 8.2 HU/phase. According to the maximum upslope method, the RCFI of LAD was
calculated as 0.46 (8.2/17.7).

Figure 2

Comparison of rCFI by plaque characteristics The left shows Box-whisker plot for all 337 arteries, and the
right shows for arteries with 0 to 75% stenosis excluding 75% or more stenosis. For all 337 arteries and
312 arteries with 0 to 75% stenosis, rCFI for the non-calci�ed plaque was signi�cantly lower than normal.
There was no difference between non-calci�ed plaque and calci�ed plaque and between normal and
calci�ed plaque. *: p<0.0001 The horizontal lines indicate maximum and minimum values, and the box
indicates 25 and 75 percentiles.
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Figure 3

Comparison of rCFI by stenosis severity Box-whisker plot for all 337 arteries demonstrates that rCFI for
arteries with 50-75% stenosis and ≥75% stenosis was signi�cantly lower than that for arteries with <50%
stenosis. *: <50% vs. 50-75%, p<0.0001; **: <50% vs >75%, p=0.00042 The lines and box are the same as
Figure 2.
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Figure 4

Comparison of rCFI between non-ischemia and ischemia Box-whisker plot of 115 coronary territories
shows that rCFI was signi�cantly lower for ischemia than non-ischemia. *: p<0.05 The lines and box are
the same as Figure 2.

Figure 5
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A man in his 40s with effort angina A: Angiographic views of CCTA show signi�cant stenoses at multi-
vessels and a small calci�cation of proximal LAD (upper row). Curved MPR images show a moderate
stenosis with non-calci�ed plaque at RCA #1 and diffuse moderate to severe stenoses with non-calci�ed
plaque at LAD #7 and LCX (lower row). B: Dynamic color-coded images of LAD According to intra-
coronary attenuation, the coronary artery was delineated to 5 color scales. Warm colors represent high CT
values, and cold colors represent low CT values. Dynamic color-coding can visualise a �rst pass of
contrast media in the LAD, and demonstrates high attenuation without delay at the distal site of stenosis
(arrow). rCFI of LAD is 0.71. C: Dynamic color-coding of LCX shows low attenuation with delay at the
distal site of stenosis (arrow). rCFI of LCX is 0.39. D: Myocardial perfusion maps represent decreased
uptake ratio in the LCX territory at stress (left) and normal uptake at rest (right). The presence of ischemia
in the LCX territory is consistent with decrease rCFI.
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