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p = 0.018). The AUC for vessel %PV was greatest (0.76; 
95% CI 0.61–0.87). The AUC for the discrimination of 
the flow-limiting lesions according to low calcium score 
(≤400) improved to 0.82 (95% CI 0.57–0.94). In intermedi-
ate coronary artery stenoses, vessel %PV is more accurate 
than conventional stenosis assessment for detecting flow-
limiting lesions. In low calcium score, vessel %PV is more 
useful for diagnosis of ischemic heart disease compared 
with conventional quantitative measures.

Keywords  Coronary artery disease · CT coronary 
angiography · Plaque volume · Fractional flow reserve

Introduction

Coronary computed tomographic (CT) angiography (CTA) 
is a noninvasive test for identification of anatomic coro-
nary artery disease (CAD) severity; however, it does not 
discriminate whether a stenosis causes ischemia. The frac-
tional flow reserve vs. angiography for multivessel evalu-
ation (FAME) and FAME 2 studies have suggested that 
it is important to prove the ischemia with fractional flow 
reserve (FFR) before percutaneous coronary intervention 
[1, 2]. The new methods for diagnosing ischemia with non-
invasive tests have recently been investigated. For example, 
CT stress myocardial perfusion was reported to improve the 
diagnosis of ischemia [3, 4], but patients have to receive 
much radiation exposure with the test. Transluminal attenu-
ation gradient (TAG) was reported to predict severe ste-
nosis, but it did not certify the relation between TAG and 
ischemia [5]. FFRCT is a new method that applies computa-
tional fluid dynamics to determine the physiologic signifi-
cance of CAD [6]; however, it has not spread as a clinical 
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test until today because it is costly and needs proprietary 
software.

Quantitative plaque volume analysis does not need any 
special method when a patient undergoes CTA. Naka-
zato et  al. reported that percent aggregate plaque volume 
(%APV) improved identification of ischemic lesions of 
intermediate stenosis [7]. On the other hand, Park HB et al. 
reported that plaque size, such as %APV and lesion length, 
did not predict the ischemia in lesions with less than 50% 
stenosis [8]. An early study suggested that diffusely ath-
erosclerotic coronary arteries without segmental stenosis 
caused continuous pressure fall along the arterial length 
[9]. The relationship between total plaque volume in vessel 
with a stenosis and ischemia is poorly understood in inter-
mediate stenosis.

The purpose of this study was to compare vessel plaque 
volume to quantitative CTA for detecting flow-limiting 
coronary artery stenosis. We also compared to quantitative 
coronary angiography (QCA).

Methods

Patients

This study was a single-center retrospective study. There 
were 682 patients who underwent invasive coronary angi-
ography (ICA) as a result of CTA from June 2012 to May 
2014 in our hospital. Of them, 76 patients with interme-
diate lesions (30–69% diameter stenosis based on QCA) 
underwent FFR. We excluded patients with a target vessel 
that had an implanted stent, coronary artery bypass graft, 
or multi-lesions in the same vessel. We enrolled 49 patients 
with 55 intermediate lesions (Fig.  1). The study protocol 
was approved by the medical ethical committee and all 
patients were given written informed consent.

Multi detector computed tomography (MDCT) 
examination techniques

Patients with a heart rate more than 70 beats/min received 
20 mg metoprolol; patients with a heart rate ≥65 beats/
min received 0.125  mg/kg landiolol. Patients with sys-
tolic blood pressure ≥110 mmHg received nitroglycerine 
before CT examination. Imaging was performed with a 
whole-heart scan on a 320-row MDCT scanner (Toshiba 
AquilionOne Dynamic Volume CT, Otawara, Japan). The 
scanning coverage was from the middle ascending aorta 
to the upper abdomen. Imaging was achieved using an 
axial volumetric scanning technique without table move-
ment because the scanner provides 16 cm of Z-axis vol-
ume using 0.5 mm detectors. The CT gantry rotation time 
was 350 ms. The tube voltage was 120 kV and the tube 
modulation was 300–400  mA for all patients. The 320-
row CTA was performed by end-diastolic prospective 
scanning with an ECG-gated window of 65–85% phase 
of the R-R interval and single to three heartbeat wide-
volume scanning. In patients with a heart rate ≤65 bpm, 
single heartbeat was used for image acquisition to allow 
an adaptive half scan; with heart rate >65  bpm, 2 or 3 
heartbeats were used for image acquisition to allow adap-
tive multi-segment image reconstruction to be applied 
for improved temporal resolution. The patient received 
[0.07 × body weight (range 4.0–5.0) × 10]  ml of Iopa-
midol 370  mg  I/ml (Iopamiron-370; Bayer HealthCare, 
Osaka, Japan) followed by 30-ml normal saline injected 
into a superficial vein in the antecubital fossa with a 
20 gauge needle via a dual-head power injector (Dual 
Shot GX, Nemoto Kyorindo, Tokyo, Japan) at a rate of 
(0.07 × body weight) ml/s (range, 4.0 to 5.0 ml/s). Bolus 
tracking in the ascending aorta was performed using a 
200 Hounsfield unit (HU) threshold [10].

Fig. 1   Flow chart of patients 
participants
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Quantitative analysis of CTA

All main epicardial coronary vessels with a 
lesion > 1.5  mm in diameter were analyzed (QAngioCT 
vs. 2.1 RC4, MEDIS™) according to an AHA 17 seg-
ment model. An automated luminal and vessel border 
detection were manually corrected when necessary. The 
proximal and distal edges of the lesion were selected 
to be the most adjacent points to the maximal steno-
sis in which there was minimal or no plaque, as shown 
in Fig.  2b. The target vessel means the vessel including 
the lesion. We defined quantitative plaque volume indi-
ces as follows: %plaque volume (%PV) = (total plaque 
volume/total vessel volume) × 100 and %lumen volume 
(%LV) = (total lumen volume/total vessel volume) × 100 
[11]. CTA measures included lesion length, %diameter 
stenosis (%DS) and minimal lumen diameter (MLD). We 
also measured plaque volume, lumen volume, %PV, and 
%LV for the target vessel and lesion, respectively. The 49 
patients with 55 intermediate lesions were analyzed for 
coronary artery plaque volume by two observers who did 
not know the results of the FFR.

We assessed the relation between APCs (coronary ath-
erosclerotic plaque characteristics) and the ischemia. 
APCs included LAP (low attenuation plaque), PR (positive 
remodeling), and SC (spotty calcification). The definition 
of these APCs was shown in the previous paper [8]. LAP 
was defined as any voxel <30 Hounsfield units within a 
coronary plaque. A positive remodeling index was defined 
as a maximal lesion vessel diameter divided by proximal 
reference vessel diameter, with PR defined as a remodeling 
index ≥1.1. SC was defined by intra lesional calcific plaque 
<3  mm in the lesion that comprised <90°of the lesion 
circumference.

Invasive coronary angiography and fractional flow 
reserve

ICA was performed using standard techniques. Coro-
nary segments were defined using a 19-coronary segment 
model. Significant coronary artery stenosis (obstructive 
CAD) was defined as ≥50% diameter stenosis by QCA as 
follows. FFR was measured using a 0.014-inch pressure 
sensor-tipped guidewire (PrimeWire PRESTIGE, Volcano 

Fig. 2   a QCA analysis. b CTA analysis. a MLD and %DS were 
measured based on CAG. b The proximal and distal edges of the 
lesion were selected to be the most adjacent points to the maximal 
stenosis in which there was minimal or no plaque. The vessel means 

the target vessel with a lesion >1.5 mm in diameter. QCA quantitative 
coronary angiography, MLD minimal lumen diameter, %DS percent 
diameter stenosis, CTA CT angiography, PV plaque volume and LV 
lumen volume
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Corporation, San Diego, California; PressureWireTM 
AerisTM, St. Jude Medical Systems, St. Paul, Minnesota) 
in intermediate diameter stenosis (30–69%), as previously 
described [12, 13]. The pressure tips were put at the distal 
of the lesion, not the distal of the target vessel. Hyperemia 
was induced with intracoronary bolus administration of 
papaverine hydrochloride 8 or 12 mg into the right or left 
coronary artery, respectively. FFR ≤0.80 was considered 
diagnostic of a flow-limiting lesion.

Quantitative analysis of invasive coronary angiography

All main epicardial coronary vessels with a lesion >1.5 mm 
in diameter were analyzed with dedicated software (QCA, 
vs. 7.1, MEDIS™). QCA measures included lesion length, 
%DS, and MLD as shown Fig. 2a.

Statistical analysis

Descriptive statistics were displayed using means and 
standard deviations for continuous variables and group 
proportions for categorical variables. Receiver operating 
characteristic (ROC) curves were used to determine the 
accuracy of CTA and ICA measures to predict flow-limit-
ing coronary stenosis. The area under the receiver operat-
ing characteristic curve (AUC) was used to determine the 
accuracy of detecting a flow-limiting lesion. AUC values 
were compared using standard methods. All data were 
reported with 95% confidence intervals (CI). Additionally, 
a previous report showed that a high calcium score (>400) 
reduced the specificity of coronary stenosis [14]. Calcifica-
tion overestimates coronary plaque volume. The CTA and 
ICA measures were assessed according to the presence of a 
high coronary artery calcium (CAC) score (>400).

The interobserver agreement for total coronary atheroma 
volume was determined for 20 randomly selected cases that 
were read by both observers. Bland–Altman plots were 
conducted to assess bias and interobserver variability.

Statistical significance was determined at p values 
<0.05. All analyses were conducted using the statistical 
software packages JMP (version 11 for Windows, SAS 
Institute Inc., Cary, NC, USA) and Stata (version 13.0, 
Stata Corp., College Station, TX, USA).

Results

Patient characteristics

Patient characteristics are shown in Table  1. Of all, 16 
patients (33%) were FFR positive. There were no differ-
ences in patient characteristics between FFR positive and 
negative except smoking status.

QCA and CTA measures characteristics

We identified 18 ischemic lesions among 55 intermediate 
lesions. The correlations between FFR positive and nega-
tive are shown in Table 2. The lesion length measured by 
QCA and CTA had no difference between FFR positive 
and negative (12.2 vs. 11.3  mm, p = 0.57 for QCA; 22.5 
vs. 17.4 mm, p = 0.19 for CTA). The calcium scores had no 
difference between FFR positive and negative (400 vs. 359, 
p = 0.66), but the medians of calcium score tended to be 
high. Vessel %PV in FFR positive was significantly higher 
than in FFR negative (67.6 vs. 62.7%, p = 0.018). Vessel 
%LV in FFR positive also was significantly lower than in 
FFR negative (31.9 vs. 37.8%, p = 0.013). There were no 
differences in lesion %PV and lesion %LV between FFR 
positive and negative (80.8 vs. 77.0%, p = 0.08 for lesion 
%PV; 19.2 vs. 23.0%, p = 0.08 for lesion %LV). MLD 
measured by QCA and CCTA had significant differences 
between FFR positive and negative (1.30 vs. 1.53  mm, 
p = 0.03 for QCA; 1.22 vs. 1.40  mm, p = 0.03 for CTA). 
There were no differences in %DS, positive remodeling, 
spotty calcification, or low attenuation plaque between FFR 
positive and negative.

Discrimination of flow‑limiting lesion of intermediate 
stenosis by coronary CTA and QCA

The AUC and odds ratio (OR) of discrimination of flow-
limiting lesion is shown in Fig.  3. The AUC for vessel 
%PV (0.76; 95% CI 0.61–0.87) was more accurate than for 
lesion %PV (0.65; 95% CI 0.48–0.79), for MLD measured 
by QCA (0.67; 95% CI 0.49–0.81), or MLD measured by 
CTA (0.69; 95% CI 0.53–0.82). OR of vessel %PV was 
1.12 (95% CI 1.02–1.25). OR of MLD measured by QCA 
and CTA were also statistically significant (0.14; 95% CI 

Table 1   Patient characteristics

Mean ± SD or n (%)
BMI body mass index, CAD coronary artery disease

Variables FFR ≤ 0.8
n = 16

FFR > 0.8
n = 33

p value

Age, years 68 ± 8.1 70 ± 12 0.61
Male gender 13 (27) 27 (55) 1.00
BMI (kg/m2) 24 ± 4.0 25 ± 4.8 0.47
Risk factors
 Hypertension 13 (26) 25 (51) 0.78
 Diabetes 9 (18) 14 (29) 0.89
 Dyslipidemia 13 (27) 30 (61) 0.33
 Current smoking 1 (2) 12 (24) 0.018
 Family history of CAD 3 (6) 4 (8) 0.49
 Use of statin 10 (20) 24 (49) 0.45
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0.019–0.77 for QCA; and 0.15; 95% CI 0.020–0.77 for 
CTA).

The AUC for discrimination of the flow-limiting lesions 
according to low calcium score (≤400) is shown in Fig. 4. 
The AUC of vessel %PV improved from 0.76 to 0.82 (95% 
CI 0.57–0.94) compared with the AUC for all vessels with 
an intermediate lesion. OR of vessel %PV also improved 
from 1.12 to 1.55 (95% CI 1.13–2.47). On the other hand, 
the AUC of MLD measured by QCA and CTA decreased 
(0.59; 95% CI 0.34–0.80 for QCA, and 0.64; 95% CI 
0.41–0.83 for CTA). The AUC for discrimination of the 
flow-limiting lesions according to calcium score (>400) is 
shown in Fig.  5. The AUC of vessels and lesion %PV—
with vessels calcified severely—decreased compared with 
AUC for all vessels with intermediate lesion (0.71; 95% 
CI 0.47–0.86, 0.60; 95% CI 0.36–0.80). On the other hand, 
%DS and MLD measured by QCA improved (0.75; 95% CI 
0.52–0.90, 0.75; 95% CI 0.49–0.90).

The AUC for discrimination of the flow-limiting lesion 
compared between %LV and %PV is shown in Fig.  6. 
The AUC of vessel %LV (0.76, 95% CI 0.62–0.87) was 
as accurate as vessel %PV. OR of the vessel %LV (0.89, 
95% CI 0.79–0.97) was statistically significant. The AUC 
of lesion %LV was 0.65 (95% CI 0.48–0.79). The AUC 
of vessel and lesion %LV for discrimination of flow-lim-
iting lesions according to calcium score (≤400) is shown 
in Fig. 7. The AUC improved from 0.76 to 0.84 (95% CI 
0.61–0.94).

Agreement

Bland–Altman analysis of 20 cases revealed excellent cor-
relation between two observers for total vessel atheroma 
volume (r = 0.90; 95% CI 0.53–0.86; p < 0.001), as shown 
in Fig. 8a. The Bland–Altman plot implied a good interob-
server concordance between reader 1 and 2. The mean dif-
ference was −162.2 mm3 (limits of agreement: −564.6 to 
240.1), as shown in Fig. 8b.

Table 2   ICA and CTA measures characteristics

Mean ± SD, median (IQR) or n (%)
FFR fractional flow reserve, %DS percent diameter stenosis, MLD 
minimal lumen diameter

FFR ≤ 0.8
n = 18

FFR > 0.8
n = 37

p value

QCA
 Lesion length, mm 12.2 ± 5.2 11.3 ± 5.8 0.57
 %DS (%) 47.0 ± 10.5 45.3 ± 8.8 0.54
 MLD(mm) 1.30 ± 0.37 1.53 ± 0.34 0.03

CTA
 Calcium score 400 (87–717) 359 (140–1078) 0.66
 Vessel
  Plaque volume (mm3) 1352 ± 336 1303 ± 524 0.72
  Percent plaque volume 

(%)
67.6 ± 4.8 62.7 ± 7.7 0.018

   Lumen volume (mm3) 662.4 ± 244.8 794.1 ± 419.0 0.22
   Percent lumen volume 

(%)
31.9 ± 4.8 37.1 ± 7.8 0.013

 Lesion
  Lesion length (mm) 22.5 ± 14.6 17.4 ± 12.5 0.19
  Plaque volume (mm3) 365 ± 278 275 ± 239 0.22
  Percent plaque volume 

(%)
80.8 ± 5.8 77.0 ± 8.2 0.08

   Lumen volume (mm3) 77.7 ± 49.9 73.1 ± 54.7 0.77
   Percent lumen volume 

(%)
19.2 ± 5.8 23.0 ± 7.9 0.08

  %DS (%) 47.4 ± 9.1 46.7 ± 9.0 0.8
  MLD (mm) 1.20 ± 0.30 1.44 ± 0.41 0.03

Remodeling index 1.00 ± 0.32 0.97 ± 0.27 0.72
Positive remodeling 8 (15) 15 (27) 1.0
Spotty calcification 5 (9) 7 (13) 0.50
Low attenuation plaque 6 (11) 16 (29) 0.57

Fig. 3   AUC for discrimination of the flow-limiting lesions when 
FFR < 0.80 was diagnostic for flow-limiting lesion. AUC was highest 
for vessel %PV at 0.76. OR was highest for vessel %PV at 1.12. AUC 
area under the receiver operating characteristic, FFR fractional flow 
reserve, MLD minimal lumen diameter, OR odds ratio, %DS percent 
diameter stenosis, %PV percent plaque volume
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Discussion

In this study, we indicated that vessel %PV was more 
accurate than lesion %PV and any other parameters meas-
ured by traditional CTA in intermediate stenosis, as seen 
in Fig. 2. Nakazato et  al. reported that %APV, or lesion 
%PV in our study, improved the diagnostic performance 
of the ischemia in the intermediate lesions [7]. Our study 
suggests a new concept: that vessel %PV diagnoses the 
ischemia for intermediate stenosis. Vessel %PV could be 
considered as a predictor of stenosis in upcoming pro-
spective studies. We discussed two reasons leading to our 
results. First, these results may depend on the narrowing 
of the lumen. In the process of atherosclerosis progres-
sion, the atheroma volume increased for preserving the 
lumen volume as positive remodeling at first. After that, 
the atheroma volume continued to increase, lumen vol-
ume decreased, and vessel diameter became small. At 
last, atherosclerotic vessels became negative remodeling 
[15]. The increase of vessel %PV might reflect the nar-
rowing of the lumen under advanced atherosclerosis. 
This was also confirmed by the result that AUC of vessel 
%LV had the same result as that of vessel %PV. Second, 
our results may conform to mild diffuse atherosclerosis. 

Fig. 4   AUC for discrimination of the flow-limiting lesions Accord-
ing to calcium score ≤ 400. AUC of vessel %PV improved from 0.76 
to 0.82 with calcium score less than 400. Abbreviations are same as 
in Fig. 3

Fig. 5   AUC for discrimination of the flow-limiting lesions accord-
ing to calcium score >400. AUC of vessel %PV with vessels calcified 
severely decreased from 0.76 to 0.71. Abbreviations are same as in 
Fig. 3

Fig. 6   AUC for discrimination of the flow-limiting lesions compared 
with lumen volume. AUC of vessel %LV was as high as vessel %PV 
at 0.76. %LV percent lumen volume. Other abbreviations are same as 
in Fig. 3
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Previous reports have shown that diffusely atherosclerotic 
coronary arteries cause continuous pressure fall along 
arterial length [9, 16]. In mild diffuse diseases, vessels 
with focal intermediate lesions had significantly lower 
FFR value than vessels without focal intermediate lesions 
[17]. Atherosclerotic arteries have been reported to have 
higher resistance than normal arteries and to associate 
the deficient endothelium-mediated vasodilation [9, 18]. 
There may have been a tandem lesion that was less than 
30% diameter stenosis in the same vessel in our study. 
Increased vessel plaque volume besides the intermediate 

lesion in the target vessel might affect the flow-limiting 
lesions. The relationship between plaque volume in mild 
stenosis and FFR is poorly understood.

Our study also showed that vessel %PV, lesion %PV, 
vessel %LV, and lesion %LV were more accurate for 
the diagnosis of flow-limiting lesions with low calcium 
scores. Calcified plaque overestimates coronary artery 
stenosis according to the beam-hardening and blooming 
artifact [19]. On the other hand, MLD and %DS meas-
ured by QCA did not improve the AUC according to low 
calcium scores. This is appropriate because QCA esti-
mates the lumen without the influence of calcified plaque. 
Based on these results, we would like to emphasize that 
vessel %PV—not MLD or %DS measured by QCA—has 
the closest relationship with the flow-limiting lesions in 
intermediate lesions.

We investigated the relation between ischemia and 
atherosclerotic plaque characteristics (APCs) including 
positive remodeling, low attenuation plaque, and spotty 
calcification. Our study showed that APCs had no sig-
nificant differences between FFR positive and negative. 
On the other hand, previous studies have indicated that 
APCs improved the identification of ischemia [8]. This 
difference might be because the coronary arteries in our 
study were under advanced atherosclerosis and there was 
much calcified plaque. This was also shown by one report 
which found that plaque composition in acute coronary 
syndrome includes APCs and by another report which 
found that stable angina includes calcified plaque [20, 
21]. The clinical implications were that the reduction 
of plaque volume may lead to prevention of myocardial 
ischemia. It is widely acknowledged that statins reduce 
the percent of atheroma volume [22, 23]. We should use 
statins to decrease vessel %PV.

Fig. 7   AUC for discrimination of the flow-limiting lesions compared 
with lumen volume. According to Calcium Score ≤400. AUC of ves-
sel %LV improved 0.76 to 0.82. AUC of vessel %LV improved 0.76 
to 0.84. Abbreviations are same as in Figs. 3 and 4

Fig. 8   The linear regression and Bland–Altman analysis in inter-
observer agreement. a The liner linear regression graph in 20 cases 
revealed an excellent correlation between two observers for total ves-

sel atheroma volume. b The Bland–Altman plot implied a good inter-
observer concordance between reader 1 and 2. The mean difference 
was −162.2 mm3 (limits of agreement: −564.6 to 240.1)
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Limitations

This study had some limitations. First, this study was per-
formed in a single institution and the sample size was rela-
tively small. In our study, many vessels had much calcified 
plaque. Non-calcified plaque might lead to other results. 
To further verify the results, future studies should be con-
ducted in a larger sample size. Second, this study was a 
retrospective study. Although we selected the intermediate 
lesion on CAG, the relation between the intermediate ste-
nosis on CTA and the vessel plaque volume may prove the 
usefulness of CTA. Third, we did not measure plaque vol-
ume by IVUS. Nonetheless, it was previously reported that 
plaque volume measured by QCT correlated with plaque 
volume measured by IVUS [24].

Conclusions

In coronary lesions with intermediate stenosis, vessel 
%plaque volume is more accurate than conventional steno-
sis assessment for detecting flow-limiting lesions. Vessel 
%plaque volume is more useful for diagnosis of ischemic 
heart disease than conventional quantitative measures in 
low calcium score.
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