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Coronary artery calcium (CAC) is an established surrogate
marker of coronary atherosclerotic burden.1 The amount of
CAC assessed as the CAC score (CACS) by computed tomogra-
phy coronary angiography (CTCA) has been shown to predict
future cardiovascular events in numerous studies.2–4 More-
over, CAC may also suggest coronary artery dysfunction; for
example, previous studies usingmagnetic resonance imaging,
single-photon emission computed tomography (SPECT), or

positron emission tomography (PET) imaginghave showed an
inverse relationship between CAC levels and myocardial
perfusion.5–7

Fractional flow reserve (FFR) is an invasive, lesion-specific
index that is used to assess the potential of a coronary
stenosis to induce myocardial ischemia.8 The measurement
of FFR has been shown to improve clinical outcomes by
allowing significant stenosis with the need for
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Abstract Although coronary artery calcium (CAC) is an established marker of coronary athero-
sclerosis, whether it also reflects the physiological significance is unknown. This study
aims to evaluate if CAC could indicate physiological ischemia in intermediate stenosis
defined by an invasive fractional flow reserve (FFR). CAC score (CACS) derived from
either whole coronary arteries or individual arteries was measured by computed
tomography among patients with intermediate de novo lesions (percent diameter
stenosis from 30% to less than 70%). All stenoses were evaluated by invasive FFR; lesions
with an FFR � 0.80 were considered significant. We enrolled 119 patients with 143
lesions. Of these, 42 lesions (29.4%) demonstrated significant ischemia by FFR
measurement. FFR values had modest but significant correlations with CACS in
individual arteries with intermediate stenosis (r ¼ � 0.290; p < 0.001). A receiver
operating characteristic curve analysis showed that CACS of individual arteries with
intermediate stenosis had 71.4% sensitivity and 67.3% specificity as a predictor of
significant ischemia at a cut off value of 145.9. Multivariable analysis showed that
percent diameter stenosis and CACS in individual arteries with intermediate stenosis
were independent predictors for significant ischemia. By net reclassification improve-
ment analysis, CACS in individual arteries with intermediate stenosis provided incre-
mental prediction for significant ischemia over minimum lumen diameter, percent
diameter stenosis, and lesion length. CACS measured in each artery, but not the total
CACS, provides additional information as to whether an angiographically intermediate
stenosis within the artery is significant enough to cause myocardial ischemia.
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revascularization to be identified and selected.9 The develop-
ment of FFR has prompted a major shift in the assessment of
coronary stenosis severity in cardiac catheterization.

To date, few studies have evaluated whether CAC levels
were associated with FFR. Therefore, this study aims to
evaluate the relationship between the magnitude of CAC
and functional ischemia in patients with intermediate coro-
nary stenosis undergoing both 320-multidetector row CTCA
and conventional coronary angiogram (CCA) using invasive
FFR measurements.

Methods

Patients and Setting
The retrospective observational study was conducted be-
tween August 2009 and July 2013 in Miyagi East Depart-
ment of Interventional Cardiology. We identified all
patients undergoing CTCA with stable chest complaints
and/or suspected coronary artery disease (CAD). Coronary
stenosis was classified as significant if it had over 50%
diameter stenosis (DS) on the longitudinal images,10 and
patients with significant lesions on CTCA were further
evaluated by CCA. When intermediate DS was detected
(30–69%) by visual assessment (i.e., CCA interpretation),
we further performed invasive FFR measurement at the
discretion of the interventional cardiologist. All patients
receiving invasive FFR measurement were included. We
excluded patients with a history of coronary revasculariza-
tion (coronary stent implantation or coronary artery

bypass graft surgery) and those inwhom it was not possible
to assess CACS in whole coronary arteries or because of
motion artifacts leading to poor image quality. All study
patients provided written informed consent.

Acquisition of Computed Tomography Coronary
Angiography
All study patients were examined using a 320-multidetector
row computed tomography scanner (Aquilion ONE, Toshiba
Medical Systems, Otawara, Japan). Unless contraindicated,
100 mg of diltiazemwas administered orally the night before
examination if the patient’s heart rate was more than 60
beats/min. If the target heart rate was not achieved, 2 to 4 mg
of propranolol or 5 to 10 mg of landiolol was injected
intravenously just before scanning.11 Sublingual nitroglycerin
was administered before scanning if the systolic blood pres-
sure was greater than 110 mm Hg. Patients underwent non-
enhanced prospective electrocardiography-gated sequential
scans to measure CACS. Calcium scanning was performed at
120 kV and 140 mA with a gantry rotation of 0.35 second,
collimation of 0.5 mm, and scan range of 128 to 160 mm.
Contrast media was injected through a 20 G trocar inserted
into an antecubital vein.11

For the contrast-enhanced scan, 0.75 mL/kg of contrast
agent containing iopromide 370 mgI/mL (Ultravist 370,
Bayer-Schering Pharma, Berlin, Germany) was injected at 4
to 5.5 mL/s. If the heart rate was less than 66 beats/min at the
time of imaging, prospective scan triggering was performed
at 70 to 80% of one R–R interval with X-ray exposure times of

Fig. 1 Patient diagram. Flow chart of the patients who underwent CTCA, CCA, and invasive FFR measurement included in the analysis. CCA,
conventional coronary angiogram; CTCA, computed tomography coronary angiography; FFR, fractional flow reserve.
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0.35 to 0.45 second. For patients with a heart rate more than
65 beats/min despite β-blockade, a two-heartbeat image
acquisition protocol was applied with prospective scan trig-
gering and a 40 to 80% exposure window.

Computed Tomography Coronary Angiography Image
Analysis
After image acquisition, a three-dimensional workstation
(Ziostation, Ziosoft, Tokyo, Japan) was used to determine the
Agatston calcium score and to generate three-dimensional
(volume rendering) and curved multiplanar reformat images.
Calcium was considered present if there were at least three
contiguous pixels with a density > 130 Hounsfield units. The
overall and per-artery calcium burden was quantified accord-
ing to the scoring algorithm proposed by Agatston et al.3

The presence and characteristics of coronary plaques in
each segment was subsequently investigated. Coronary
plaques were classified as noncalcified, mixed, or calcified.
Coronary calcification was visually determined in the con-
trast-enhanced dataset. Noncalcified plaques were defined
as a tissue structure > mm2 that could be clearly discrimi-
nated from the vessel lumen and surrounding tissue with a
density below the contrast-enhanced blood pool. Mixed
plaques were those that met this definition as well as those
that had calcified areas of any extent. Calcified plaques
were defined as a tissue with a predominantly high atten-
uation but without noncalcified plaque elements.12 These
CTCA findings were interpreted by more than two experi-
enced radiologists who were blinded to CCA and FFR
findings.

Conventional Coronary Angiogram Protocol
All patients underwent CCA through the radial approach,
using a 4 to 5F gauge diagnostic catheter. After intracoronary
injection of 2 mg isosorbide dinitrate, right and left coronary
angiograms were performed in multiple projections using
standard techniques. All angiogramswere analyzed offline by
more than two cardiologists who were not involved in the
patient’s treatment. Quantitative coronary angiography
(QCA) was performed using an edge-detection algorithm
(QangioXA, Medis Medical Equipment, Leiden, The
Netherlands), based on the angiographic projection with
the most severe narrowing.13

Fractional Flow Reserve Measurement Protocol
FFR measurement was performed in cases of intermediate
stenosis using a sensor-tipped 0.36 mm in guidewire
(PressureWire Certus, St. Jude Medical Systems, Uppsala,
Sweden; or ComboWire, Volcano Corporation, San Diego,
CA). After positioning the pressure sensor in the distal vessel
to be interrogated, maximal myocardial hyperemia was in-
duced by continuous intravenous infusion of adenosine in a
brachial vein at an infusion rate of 140 µg/kg bodyweight/min
for at least 2minutes. The FFR valuewas calculated as the ratio
of the mean distal intracoronary pressure measured by the
wire to the mean arterial pressure that was measured by the
coronary catheter.8 FFR was considered diagnostic of ische-
mia at a threshold of �0.80.9

Statistical Analyses
All statistical analyses were performed using the JMP version 11
for Mac software (SAS Institute Inc., Cary, NC). For descriptive
analysis, continuous variableswere presented as themean � SD
and categorical variables were presented as percentages. Cate-
gorical variables were compared with the chi-square statistic
and continuous variables by the t-test. Pearson correlation
coefficients were used to describe the relationship between
corresponding FFR values on a per vessel basis and CACS or
QCA findings. The determinants of FFR were assessed by uni-
variable and multivariable linear logistic regression analyses. A
p-value less than 0.05 was used to define statistical significance.
To examine discrimination, receiver operating characteristic
curves (ROCs) and area under ROC (AUC) were constructed to
compare different coronary CTCAparameters in the correspond-
ing logistic models using the method described by DeLong
et al.14 Net reclassification improvement (NRI) was derived
from logistic regression models based on QCA findings such as
minimum lumen diameter (MLD), %DS, and lesion length, with
and without the CACS.15 Here, we utilized the logarithmic
transformation of CACS (log [CACS þ 1]). To calculate NRI, we
compared the rescaled lesion-specific predicted values from
models with and without log (CACS þ 1) using traditional
QCA findings.

Results

Patients
The study flow schema is summarized in ►Fig. 1. CTCA was
performed on 5,897 patients with stable chest complaints
and/or suspected CAD during the study period in our institu-
tion. In total, 1,710 patients had significant lesions on CTCA,
and 172 patients had intermediate %DS (30–69%) on visual
assessment of CCA and underwent invasive FFR measure-
ment. We excluded 43 patients with a history of stent
implantation, 3 patients with a history of coronary artery
bypass graft surgery, and 7 because it was not possible to
assess CACS in whole coronary arteries or because of motion
artifacts leading to poor image quality.

Patient and Lesion Characteristics
We retrospectively analyzed 119 consecutive patients (mean
age 70.4 � 8.8 years, 61.3% male) that had 143 de novo
intermediate coronary stenoses between them and who
underwent CTCA, invasive CCA, and invasive FFR measure-
ment. The patient and lesion characteristics are summarized
in ►Tables 1 and 2.

Invasive FFR was measured at an average of 17.2 � 9.9
days after CTCA. FFR measurements were successfully per-
formed in all-study patients without complication. We ob-
served no relevant symptom changes or adverse clinical
events in the interval between CTCA and FFR measurement.
None of the study patients had a history of myocardial
infarction or coronary revascularization. Among the 143
stenotic lesions, 42 significant ischemic lesions (29.4%)
were identified by FFR with an average FFR value of
0.74 � 0.05. Compared with nonischemic lesions, ischemic
lesions had comparable vessel diameters and lesion lengths,
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but significantly smaller MLD (1.21 vs. 1.38 mm, p ¼ 0.01)
and larger %DS (51.6 vs. 46.8%, p < 0.01) by QCA (►Table 2).

Coronary Artery Calcium and Plaque Characteristics
The median total CACS was 711.8 (range, 0.0–4,590.5). In
patients with significant ischemia (n ¼ 40), the median total
CACS was 1,086.6 � 1,257.0; in patients without significant
CAD (n ¼ 79) the CACS was 522.0 � 713.4
(p < 0.01; ►Table 1). The median CACS was 428.5 � 394.3
and 159.6 � 207.2 in arteries with and without significant
ischemic lesions, respectively (p < 0.01).

The composition of coronary plaques in arteries with inter-
mediate stenotic lesions is summarized in ►Table 2. Highly

ischemic lesions contained calcified plaques more frequently
than nonischemic lesions (47.6 vs. 18.8%; p < 0.01).

Correlation between Fractional Flow Reserve Value
and Quantitative Coronary Angiography or Computed
Tomography Coronary Angiography Findings
The FFR value was modestly correlated with MLD (r ¼ 0.232;
p ¼ 0.005) and %DS (r ¼ �0.219; p ¼ 0.009). Furthermore,
modest but significant correlations were observed between
FFR values and CACS in individual arteries with intermediate
stenosis (r ¼ �0.290; p < 0.001). In contrast, the FFR value was
not correlated with lesion length (r ¼ �0.171; p ¼ 0.041) or
reference vessel diameter (r ¼ 0.092, p ¼ 0.275; ►Fig. 2).

Table 1 Baseline characteristics

Characteristics All
(n ¼ 119)

FFR � 0.80
(n ¼ 40)

FFR > 0.80
(n ¼ 79)

p-Value

Male, n (%) 74 (62.2) 23 (57.5) 51 (64.6) 0.45

Mean age (y) 70.5 � 8.9 72.4 � 9.3 69.6 � 9.3 0.11

Body mass index (kg/m2) 24.9 � 3.5 25.5 � 3.9 24.5 � 3.2 0.18

Hypertension, n (%) 108 (90.8) 36 (90.0) 72 (91.1) 0.84

Dyslipidemia, n (%) 75 (63.0) 28 (70.0) 47 (59.5) 0.26

Statin use, n (%) 66 (55.5) 26 (65.0) 40 (50.6) 0.13

Diabetes, n (%) 42 (35.3) 18 (45.0) 24 (30.4) 0.12

Oral antidiabetic drug use, n (%) 29 (24.4) 14 (35.0) 15 (19.0) 0.06

Insulin use, n (%) 8 (6.7) 5 (12.5) 3 (3.8) 0.08

Familial history, n (%) 18 (15.1) 6 (15.0) 12 (15.2) 0.98

Current smoking, n (%) 32 (26.9) 5 (12.5) 27 (34.2) <0.01

Prior myocardial infarction, n (%) 0 (0.0) 0 (0.0) 0 (0.0) –

Typical presentation of effort angina, n (%) 23 (19.5) 13 (33.3) 10 (12.7) <0.01

Atypical presentation of effort angina, n (%) 48 (40.7) 9 (23.1) 39 (49.4) <0.01

Asymptomatic, n (%) 47 (39.8) 17 (43.6) 30 (38.0) 0.56

LVEF (%) 71.4 � 8.9 70.7 � 9.0 71.7 � 8.9 0.54

Systolic blood pressure (mm Hg) 136.5 � 19.1 137.4 � 21.0 136.1 � 18.2 0.74

Diastolic blood pressure (mm Hg) 78.7 � 14.1 75.7 � 16.0 80.2 � 13.0 0.12

Heart rate (bpm) 78.8 � 14.0 77.8 � 15.2 79.2 � 13.4 0.62

Hemoglobin (g/dL) 13.8 � 1.5 13.3 � 1.5 14.5 � 1.5 <0.01

Total cholesterol (mg/dL) 193.9 � 38.7 197.8 � 45.3 191.9 � 35.0 0.43

LDL cholesterol (mg/dL) 106.3 � 32.0 107.8 � 38.1 105.6 � 28.6 0.72

HDL cholesterol (mg/dL) 54.6 � 16.8 52.7 � 15.2 55.6 � 17.6 0.38

Triglyceride (mg/dL) 135.4 � 79.8 148.8 � 104.1 128.6 � 63.7 0.02

Fasting blood glucose (mg/dL) 128.6 � 47.5 126.4 � 51.3 130.2 � 45.2 0.77

HbA1c (%) 6.3 � 1.0 6.5 � 0.9 6.1 � 1.0 0.13

eGFR (mL/min/1.73 m2) 59.0 � 12.6 55.9 � 11.2 60.5 � 13.1 0.06

C-reactive protein (mg/dL) 0.5 � 1.4 0.9 � 2.3 0.2 � 0.2 0.07

CACS of whole arteries 711.8 � 930.6 1,086.6 � 1,257.0 522.0 � 713.4 <0.01

Abbreviations: bpm, beats/min; CACS, CAC score; eGFR, estimated glomerular filtration rate; FFR, fractional flow reserve; HbA1c, hemoglobin A1c;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; LVEF, left ventricular ejection fraction.
Note: Values area mean � SD or n (%).
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Table 2 Lesion characteristics assessed by CCA and CTCA as a function of FFR value

Characteristics All
(n ¼ 143)

FFR � 0.80
(n ¼ 42)

FFR > 0.80
(n ¼ 101)

p-Value

Mean value of FFR 0.85 � 0.09 0.74 � 0.05 0.90 � 0.05 <0.01

Target vessel, n (%) 0.09

Left anterior descending artery 87 (60.8) 30 (71.4) 57 (55.5)

Left circumflex artery 32 (22.4) 5 (11.9) 27 (26.7)

Right coronary artery 24 (16.8) 6 (14.3) 18 (17.8)

Lesion location, n (%) 0.03

Proximal 50 (39.0) 18 (45.2) 31 (30.7)

Mid 59 (41.2) 17 (40.5) 42 (41.6)

Distal 24 (22.8) 6 (14.3) 18 (17.8)

Other location 10 (7.0) 0 (0.0) 10 (9.9)

ACC/AHA classification, n (%) <0.01

Type A/B1 78 (54.5) 13 (31.0) 65 (64.4)

Type B2/C 65 (45.5) 29 (69.0) 36 (35.6)

CACS in individual arteries with intermediate stenosis 238.6 � 300.4 428.5 � 394.3 159.6 � 207.2 <0.01

Classification of plaque, n (%) <0.01

Calcified plaque 39 (27.3) 20 (47.6) 19 (18.8)

Noncalcified plaque 51 (35.7) 6 (14.3) 45 (44.6)

Mixed plaque 53 (37.0) 16 (38.1) 37 (36.6)

QCA findings

Reference vessel diameter (mm) 2.57 � 0.49 2.52 � 0.54 2.59 � 0.47 0.47

Minimum lumen diameter (mm) 1.33 � 0.35 1.21 � 0.36 1.38 � 0.34 0.01

% diameter stenosis (%) 48.22 � 9.72 51.56 � 9.75 46.84 � 9.41 <0.01

Lesion length (mm) 9.76 � 4.76 10.96 � 6.13 9.27 � 3.99 0.05

Abbreviations: ACC/AHA, American College of Cardiology/American Heart Association; CACS, coronary artery calcium score; CCA, conventional
coronary angiogram; CTCA, computed tomography coronary angiography; FFR, fractional flow reserve; QCA, quantitative coronary angiography.

Fig. 2 Scatterplot showing the correlation between FFR values and either CACSs in individual arteries with intermediate stenosis or traditional
QCA findings. (A) A modest but significant correlation (r ¼ � 0.290) was observed between FFR values and the CACS of an FFR-related vessel,
whereas modest correlations were observed between FFR values and (B) minimum lumen diameter (r ¼ 0.232), or (C) diameter stenosis
(r ¼ � 0.219). No correlation was observed between FFR values and (D) lesion length (r ¼ � 0.171), or (E) reference vessel diameter (r ¼ 0.092).
CACS, coronary artery calcium score; FFR, fractional flow reserve; QCA, quantitative coronary angiogram.
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Diagnosis of Ischemia in Intermediate Stenosis by CAC
score and Quantitative Coronary Angiography
On univariable logistic regression analysis, lesion-specific
ischemia was significantly related to total CACS, CACS in
individual arteries with intermediate stenosis, calcified pla-
ques, MLD, and %DS.

On multivariable logistic regression analysis, CACS in
individual arteries with intermediate stenosis was an inde-
pendent predictor for significant ischemia (odds ratio [OR]

1.004; 95% confidence interval [CI] 1.001–1.007; p ¼ 0.013),
as was %DS (OR 1.058; 95% CI 1.007–1.101;
p ¼ 0.024; ►Table 3).

AUC for lesion-specific ischemia was the highest for CACS
in individual arteries with intermediate stenosis (OR 0.725;
95% CI 0.621–0.811; p < 0.001) than that for %DS (OR 0.650;
95%CI 0.540–0.746; p ¼ 0.007), and MLD (OR 0.642; 95% CI
0.533–0.738; p ¼ 0.009;►Fig. 3). The optimal CTCA and QCA
cut off values to identify significant stenosis were as follows:

Table 3 Conditional multivariate logistic regression analysis for determinant of impaired FFR value

Analysis Univariate Multivariate

p-Value OR 95% CI p-Value

CACS in whole vessels 0.002 1.000 0.999–1.001 0.303

CACS in individual arteries with intermediate stenosis <0.001 1.004 1.001–1.007 0.005

Calcified plaque 0.001 1.412 0.499–3.844 0.507

%DS measured by QCA 0.008 1.054 1.007–1.105 0.023

Abbreviations: CACS, coronary artery calcium score; CI, confidence interval; DS, diameter stenosis; FFR, fractional flow reserve; OR, odds ratio; QCA,
quantitative coronary angiogram.

Fig. 3 AUC for detection of significant ischemic lesions. (A) AUC was highest for the CACS of an FFR-related vessel at 0.725. The other AUC graphs
illustrate that CACS provided incremental discrimination of ischemia over (B) MLD, (C) DS, or (D) lesion length of coronary artery disease severity
considered alone. �p < 0.05. AUC, area under the receiver operating characteristic curve; CACS, coronary artery calcium score; DS, diameter
stenosis; MLD, minimum lumen diameter.
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145.9 for CACS in individual arteries with intermediate
stenosis (71.4% sensitivity, 67.3% specificity, positive predic-
tive value [PPV] 47.6%, negative predictive value [NPV] 85.0%,
accuracy 68.5%), 1.05 mm for MLD (47.6% sensitivity, 81.2%
specificity, PPV 51.3%, NPV 78.8%, accuracy 71.3%), and 52.0%
for %DS (57.1% sensitivity, 77.2% specificity, PPV 51.1%, NPV
81.3%, accuracy 71.3%).

On NRI analysis from adjusted logistic regression models,
CACS in individual arteries with intermediate stenosis pro-
vided incremental prediction for significant ischemia over
MLD alone (0.738 [95% CI 0.631–0.823] vs. 0.642 [95% CI
0.533–0.738], respectively, p ¼ 0.032), %DS alone (0.734 [95%
CI 0.627–0.823] vs. 0.650 [95% CI 0.540–0.746], respectively,
p ¼ 0.036), or lesion length alone (0.710 [95% CI 0.615–0.808]
vs. 0.566 [95% CI 0.458–0.669], p ¼ 0.003). ►Figs. 3–4 show
representative cases of intermediate stenosis in the midleft
anterior descending arteries with and without advanced
arterial calcification, respectively.

Discussion

Themain findings of this study are fourfold. First, quantitative
CACS in individual arterieswith intermediate ischemia can be
used to detect physiologically significant ischemia as defined

by invasive FFR, and is independent of traditional angio-
graphic measures. Second, CACS in individual arteries with
intermediate ischemia had a modest but significant correla-
tion with the invasive FFR value (r ¼ �0.290; p < 0.001).
Third, the optimal cut off value of CACS in individual arteries
with intermediate ischemia for significant ischemia is 145.9.
Fourth, the combination of CACS in individual arteries with
intermediate ischemia and QCA findings provided incremen-
tal discriminatory power for significant ischemia when com-
pared with angiographic measures alone.

FFR is considered one of the most reliable methods for
assessing the ischemic potential of coronary stenosis. This is
evidenced by numerous clinical trials showing that the invasive
assessment of coronary physiology improves clinical outcomes
by allowing the selection of the most suitable patients for
revascularization.8,9 The physiological effect of coronary stenosis
is determinedbymanyanatomical and clinical factors; therefore,
some studies have revealed the relationship between the FFR
value and anatomical parameters of coronary stenosis evaluated
by coronary imaging techniques. Although the FFR value corre-
lateswith atherosclerosis, identified as lesion length16 or plaque
burden,17 few studies have assessed the association of coronary
artery calcification on invasive FFR. Because the volumeof CAC is
consideredanexcellentmarker ofoverall atherosclerotic burden,

Fig. 4 CACS, CCA, and FFR in vessels with intermediate stenosis and significant ischemia. (A) CACS of the LAD is 489.3, and that of whole coronary
arteries is 1,448.0. (B) On CTCA, curved MPR revealed the presence of an atherosclerotic lesion (white arrow) with a calcified plaque in the mid-
LAD. (C) Percentage DS is estimated to be 60.0% (red arrow). (D) FFR value in the LAD was 0.77. CACS, coronary artery calcium score; CCA,
conventional coronary angiogram; CTCA, computed tomography coronary angiography; DS, diameter stenosis; FFR, fractional flow reserve; LAD,
left anterior descending; MPR, multiplanar reconstruction.
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a larger calcium burden might be associated with a higher
likelihood of advanced atherosclerosis in coronary arteries.3,4

Previous investigations have suggested that calcium deposition
only occurred when atherosclerosis was present, and that
plaques with more advanced atherosclerotic characteristics
tended to have a greater amount of calcium.12 Lori et al
demonstrated that increased arterial calcium levels were asso-
ciated with a higher atherosclerotic burden of noncalcified
plaque inpatientswith lowCACSafter adjustment for traditional
risk factors.18 In our results, we found that lower FFR values in
calcified arteries might be associated with luminal stenosis due
to advanced atherosclerosis, which could not be fully evaluated
by angiography. To the best of our knowledge, this is the first
result to show that, in angiographic intermediate stenosis, more
extensive CAC indicated a higher likelihood of physiological
ischemia. Moreover, it was a unique finding that the FFR value
correlated with CACS in individual arteries with intermediate
stenosis rather than the total CACS.

In the present study, AUC for lesion-specific ischemia based
on either MLD, %DS, or lesion length alone was significantly
improvedwhen combinedwith CACS of individual arteries with
intermediate stenosis. This improved diagnostic accuracy seems
to be explained by the contribution of unmeasured atheroscle-

rosis to the severity of arterial calcification. In addition, previous
studies have reported that both diffuse atherosclerosis and
single stenotic lesions in the coronary arteries also contribute
to ischemia.19 Bymeasuring coronaryflow reserve, de Bruyne et
al demonstrated that a diffuse atherosclerotic disease could
cause a decline in the coronary flow despite the absence of
obstructive CAD.19 Therefore, the severity of myocardial perfu-
sionabnormalities is notonlydependentonwhetherobstructive
disease ispresentbut also on the total atherosclerotic burden ina
coronary artery. Our results suggest that advanced coronary
arterycalcificationmight reflect adiffuse atherosclerotic feature.

Nakazato et al evaluated the relationship between invasive
FFR and aggregate plaque burdenmeasured by CTCA from the
vessel ostium to the distal stenosis-causing plaque. They
reported that aggregate plaque volume provided a more
accurate diagnosis of lesion-specific ischemia defined by
invasive FFR than that by traditional angiographic measures
of CAD lesion severity.17 Although the report showed a clear
correlation between plaque burden and FFR value, a major
limitation of CTCA is its inaccuracy in evaluating calcified
vessels, even in the current era of improved resolution.20

Moreover, plaque measurements by CTCA are time-consum-
ing and necessitate expert interpretation, whereas CACS can

Fig. 5 CACS, CCA, and FFR in intermediate stenosis with nonsignificant ischemia. (A) CACS of the LAD is 10.1 and that of whole coronary arteries is
23.9. (B) On CTCA, curved MPR revealed the presence of an atherosclerotic lesion (white arrow) with a noncalcified plaque in the mid-LAD. (C)
Percentage DS is estimated to be 55.9% (red arrow). (D) FFR value in the LAD was 0.85. CACS, coronary artery calcium score; CCA, conventional
coronary angiogram; CTCA, computed tomography coronary angiography; DS, diameter stenosis; FFR, fractional flow reserve; LAD, left anterior
descending; MPR, multiplanar reconstruction.
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be assessed quantitatively, in almost all patients without
stent implants, using simple software to apply the semi-
automated scoring system. Although the predictive value of
CACS is inferior to aggregate plaque volumes reported previ-
ously,17 CACS in individual arteries with intermediate steno-
sis appears to offer a feasible means of discriminating
significant ischemia with improved diagnostic value when
combined with traditional QCA findings.

To the best of our knowledge, this was the first study to
evaluate the association between CACS on the invasive FFR
value, and suggested that a heavy calcification has lower
apparent FFR values for a given stenosis. The combined use of
CACS and measures of luminal stenosis may offer a more
precise approach in patientswith both intermediate coronary
stenosis and arterial calcification.

Several limitations of our study need to be considered when
interpreting the results. First, this study was a single-center
retrospective analysis conducted on a small sample. Further-
more, there is no information about other anatomical or physio-
logical examinations, such as intravascular ultrasound, SPECT, or
PET imaging. Finally, although our results suggest that the
quantitative measurement of CAC has an adjunctive role in
identifying physiologically significant ischemia in clinical prac-
tice, how coronary calcification affects invasive FFR cannot be
determined from the present study design.

Conclusions

The severity of CAC in individual arteries rather than the total
CACS provides additional information about whether angio-
graphically intermediate stenosis within the artery is signifi-
cant enough to cause myocardial ischemia.
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