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Abstract The aim of this study was to determine the
correlation between the fractional flow reserve (FFR) val-
ues and volumetric intravascular ultrasound (IVUS)
parameters derived from classic gray-scale IVUS and
integrated backscatter (IB)-IVUS, taking into account
known confounding factors. Patients with unstable angina
pectoris with the frequent development of vulnerable pla-
ques often showed the discrepancy between the FFR value
and the quantitative coronary angiography findings. Our
target population was 107 consecutive subjects with 114
isolated lesions who were scheduled for elective coronary
angiography. The FFR was calculated as the mean distal
coronary pressure divided by the mean aortic pressure
during maximal hyperemia. Various volumetric parameters
such as lipid plaque volume (LPV) and percentage of LPV
(%LPV) were measured using IB-IVUS. Simple and mul-
tivariate linear regression analysis was employed to eval-
uate the correlation between FFR values and various
classic gray-scale IVUS and IB-IVUS parameters. The
Akaike information criterion (AIC) was used to compare
the goodness of fit in an each model. Both the %LPV
(r=-0.24; p=0.01) and LPV (r = —0.40; p <0.01)
were significantly correlated with the FFR value. Only the
LPV (AIC = —147.0; p = 0.006) and %LPV (AIC =
—152.9; p = 0.005) proved to be independent predictors
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for the FFR value even after the adjustment of known
confounding factors. The volumetric assessment by IB-
IVUS could provide better information in terms of the
relationship between plaque morphology and the FFR
values as compared to the classic IVUS 2-dimensional
gray-scale analysis.
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Introduction

The potential benefit of revascularization depends on the
presence of myocardial ischemia. Therefore, the careful
identification of ischemia-inducing stenosis allows for a
greater benefit from revascularization, especially in
patients with stable angina pectoris (SAP) [1-6].
Intravascular ultrasound (IVUS) and fractional flow
reserve (FFR) are frequently used for the assessment of
relevant coronary artery stenosis [7]. Previous studies
primarily focused on a 2-dimensional analysis have
shown a relatively good correlation between FFR and
IVUS parameters [8]. However, the functional signifi-
cance of a coronary stenosis is determined by both the
severity of stenosis and amount of myocardium supplied,
thereby necessitating a longitudinal assessment such as a
3-dimensional lesion analysis. The recently-developed
integrated backscatter (IB-IVUS) allows the volumetric
analysis of tissue components of coronary plaques
in vivo [9, 10]. Therefore, we performed this study to
determine the correlation between the FFR values and
IVUS parameters derived from IB-IVUS as well as
classic gray-scale IVUS, taking into account known
confounding factors.
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Methods
Patients and study design

This prospectively planned observational study was
designed to evaluate the correlation between FFR values and
volumetric plaque characteristics in the isolated culprit
lesion using IB-IVUS. Between June 2011 and May 2013,
our target population was 114 consecutive subjects with 123
isolated lesions who were scheduled for elective coronary
angiography (CAG). The exclusion criteria were acute
coronary syndrome indicating unstable angina pectoris
(n = 3), lesions related to old myocardial infarction (n = 3)
or prior coronary intervention (n = 1), and lesions with poor
IVUS images (n = 2). Following the exclusion of patients, a
total of 107 patients with 114 lesions were available for the
evaluation. This study was approved by the institutional
review board at Aichi Medical University; all the patients
provided written informed consent, and the study complied
with the principles of the Declaration of Helsinki.

CAG and FFR measurement

Before CAG was performed, an intracoronary injection of
isosorbide dinitrate (0.5 mg) was administered to prevent
coronary spasm. For quantitative coronary angiography
(QCA), the reference diameter and percent diameter
stenosis were measured by a validated automated edge-
detection program (CMS;-MEDIS Medical Imaging Sys-
tems, Leiden, The Netherlands). FFR was calculated as
previously described [4-6]. In brief, equalization was
performed with the guide wire sensor positioned at the
guiding catheter tip. The 0.014-in. pressure guide-wire (St.
Jude Medical, Minneapolis, MN, USA) was then advanced
distally to the stenosis, and FFR was measured at maximal
hyperemia induced by intravenous adenosine triphosphate
administered at 150 p/kg/min through a central or forearm
vein. The FFR was subsequently calculated as the mean
distal coronary pressure divided by the mean aortic pres-
sure during maximal hyperemia. Functional significance
was defined as FFR values of <0.80 [11]. The present
study measured FFR in the isolated lesions with interme-
diate to severe stenosis (2690 % of the vessel diameter).
FFR measurements were deferred when vessels had no
significant stenosis (<25 %) as observed on CAG.

Measurements of classic gray-scale IVUS
and IB-IVUS parameters

We assessed coronary plaque characteristics using IB-

IVUS. IVUS catheters (40 MHz) were inserted as distally
as possible into the target vessels. Continuous ultrasound
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imaging was performed during withdrawal of the catheter
at a constant rate of 0.5 mm/s. Classic IVUS and IB-IVUS
parameters were measured at the isolated lesions with a
plaque burden >40 % of the three coronary vessels. The
mean length of the analyzed segment was 26.0 mm (52 IB-
IVUS images) per patient. 2- and 3-dimensional analyses
of classic IVUS images were performed for vessel, lumen,
and plaque area (PA), and vessel, lumen, and plaque vol-
ume (PV) (the sum of each cross-sectional area of 1-mm
axial intervals for the analyzed segments). 2- and 3-di-
mensional analyses of IB-IVUS were performed for fibrous
plaque area (FPA), lipid plaque area (LPA), fibrous plaque
volume (FPV), and lipid plaque volume (LPV). A personal
computer (Windows XP Professional, CPU: 3.4 GHz)
equipped with commercially available custom software
(VISIWAVE 1B, Terumo Co, Japan) was connected to the
IVUS imaging system (VISIWAVE, Terumo Co) to obtain
radio frequencies and signal trigger outputs. Ultrasound
backscattered signals were acquired using a 40-MHz
mechanically rotating IVUS catheter (motorized pullback
0.5 mm/s), digitized, and subjected to spectral analysis. IB

Table 1 Baseline clinical and angiographic characteristics (n = 107)

Variable n = 107
Clinical

Age, years 68 £9

Sex (male) 79 (74 %)
Body mass index, kg/m> 24.1 £3.0
Hypertension 83 (78 %)
Diabetes mellitus 61 (56 %)
Dyslipidemia 88 (82 %)
Smoking 66 (62 %)
Hemodialysis 9 (8 %)
Old myocardial infarction 18 (17 %)
PCI history 30 (28 %)
Ejection fraction, % 64 + 13
Angiography

Vessel distribution, LAD/LCX/RCA 77/19/18
Lesion location, proximal/middle/distal 45/59/10
QCA analysis

Reference diameter, mm 2.6 £ 0.6
Minimum lumen diameter, mm 1.0 £ 04
Diameter stenosis, % 61.7 9.3
Lesion length, mm 20.6 =119
FFR measurement

FFR value 0.70 £ 0.11
FFR < 0.80 97 (85.1 %)

Values are mean £ SD or number (percentage of total)

PCI percutaneous coronary intervention, LAD left anterior descending
artery, LCX left circumflex artery, RCA right coronary artery, QCA
quantitative coronary angiography, FFR fractional flow reserve
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values for each tissue component were calculated as aver-
age power levels (measured in decibels) using a fast Fourier
transform of the frequency component of backscattered
signals from a small tissue volume [12, 13]. The percentage
of fibrous area (FPA/PA) and the percentage of lipid plaque
area (LPA/PA) were automatically calculated by IB-IVUS
system. Then FPV and LPV (sum of FPA and LPA in each
CSA at 1 mm axis interval for the average of 26 IB-IVUS
images per patient, respectively) were calculated. The
percentage of fibrous plaque volume (FPV/PV, %FPV) and
lipid plaque volume (LPV/PV, %LPV) were also calcu-
lated. The segmentation of each tissue component was
entirely automated [14]; an excellent correlation between
IB-IVUS and histology has been previously reported in
validation studies [13, 15]. IVUS measurements were
conducted independently by 2 physicians (SS and HT)
blinded to the patients’ clinical characteristics.

Definition of risk factors

Hypertension was defined as a history or presence of hyper-
tension with systolic blood pressure of >140 mmHg and/or
diastolic blood pressure of >90 mmHg, or anti-hypertensive
treatment. Diabetes mellitus was defined as a history of dia-
betes mellitus, a fasting plasma glucose concentration of
>126 mg/dL, and/or anti-hyperglycemic treatment. Smoking
status was defined as current or cessation within 6 months
before CAG. Dyslipidemia was defined as a history or pres-
ence of dyslipidemia, low-density lipoprotein-cholesterol
level of >140 mg/dl and/or high-density lipoprotein-choles-
terol level of <40 mmHg and/or triglyceride of >150 mg/dl,
or treatment with any lipid lowering agents.

Statistical analyses

Continuous and categorical variables are expressed as the
mean + SD and proportions, respectively. Simple linear
regression analysis was employed to evaluate the correla-
tion between FFR values and various classic gray-scale and
IB-IVUS parameters. Multivariable analysis was performed
to identify independent correlates of FFR values with linear
regression. On the multivariate linear regression analyses,
the Akaike information criterion was used to compare the
goodness of fit between the five models [16, 17]. A p value
of <0.05 was considered statistically significant.

Results
Baseline clinical and angiographic findings

Table 1 outlines the baseline clinical and angiographic
findings of the 107 patients included in the study. The

mean age was 68 + 9 years; 74 and 56 % of the patients
were male and diabetics, respectively. In the QCA analysis,
the mean reference diameter and lesion length were
2.6 £ 0.6 and 20.6 & 11.9 mm, respectively. The mean
FFR value was 0.70 &£ 0.11, and 85.1 % of the patients had
lesions with FFR values of <0.80.

Association between FFR values and the CAG
and IVUS findings

Table 2 shows the findings for the classic IVUS and IB-
IVUS parameters and the results of the simple linear
regression between these parameters and the FFR value.
The lesion length measured by IVUS was significantly
correlated with the FFR value (r = —0.40; p < 0.01). For
the 2-dimensional IVUS analysis, no correlation was
observed between the classis IVUS or IB-IVUS parameters
and the FFR value (Fig. la). Meanwhile, for the 3-di-
mensional analysis, both the PV (r = —0.34; p < 0.01) and
LPV (r = —0.40; p < 0.01) were significantly correlated
with the FFR value (Fig. 1b). Figure 2 shows the rela-
tionship between the classic IVUS and IB-IVUS parame-
ters with the threshold of FFR values defined as <0.80.
Lesions with significant functional ischemia had greater
PV (186 + 100 vs. 104 + 64 mm®), LPV (91 & 59 vs.
48 + 45 mm®), and FPV (90 &+ 50 vs. 56 + 41 mm?)

Table 2 Findings for the classic and IB-IVUS parameters and the
results of the simple linear regression between these parameters and
the FFR value (n = 114)

Variable r value p value
Vessel area, mm> 9.6 + 3.9 —0.01 0.94
Lumen area, mm’ 2.0 £ 0.8 0.22 0.02
PA, mm? 7.6+ 3.6 —0.06 0.55
FPA, mm? 36+ 19 0.09 0.35
LPA, mm’ 3.8 £26 —0.16 0.1
Analyzed length by IVUS, mm 260 + 11.6  —0.40 <0.01
Vessel volume, mm’ 282.6 + 1474 —-034 <0.01
Lumen volume, mm> 108.6 &+ 56.1 —0.28 <0.01
PV, mm’ 1741 +£99.0 —034 <0.01
%PV, % 60.3 + 7.4 —0.19 0.048
FPV, mm’ 853 +50.1 —0.21 0.02
LPV, mm® 84.7 £584 —0.40 <0.01
%FPV, % 50.5 + 12.0 0.23 0.01
%LPV, % 469 £ 13.0 —0.24 0.01

Values are mean & SD

IB-IVUS integrated backscatter intravascular ultrasound, FFR frac-
tional flow reserve, PA plaque area, FPA fibrous plaque area, LPA
lipid plaque area, PV plaque volume, %PV percentage of plaque
volume, FPV fibrous plaque volume, LPV lipid plaque volume,
%FPV % fibrous plaque volume, %LPV % lipid plaque volume
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Fig. 1 a Correlation between FFR and 2-dimensional classic and IB-
IVUS parameters. There were no significant correlation between FFR
and 2-dimensional classic and IB-IVUS parameters. Each parameter
was measured at the minimum luminal area. FFR fractional flow
reserve, IB-IVUS integrated backscatter intravascular ultrasound, LPA
lipid plaque area, PA plaque area. b Correlation between FFR and

(mm3) p = 0.001 [] FFR< 0.80
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Fig. 2 Correlation between IVUS parameters and the FFR value.
Functional ischemia was defined as <0.80. Lesions with functional
ischemia had greater PV (186 &+ 100 vs. 104 + 64 mm?), LPV
(91 £ 59 vs. 48 + 45 mm®), and FPV (90 % 50 vs. 56 + 41 mm?)
compared with lesions without functional ischemia. FFR fractional
flow reserve, PV plaque volume, LPV lipid plaque volume, FPV
fibrous plaque volume
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3-dimensional classic and IB-IVUS parameters. PV (r = —0.34;
p < 0.01) and LPV (r = —0.40; p < 0.01) were significantly corre-
lated with the FFR value. FFR fractional flow reserve, IB-IVUS
integrated backscatter intravascular ultrasound, PV plaque volume,
LPV lipid plaque volume

compared with lesions without functional ischemia. In the
multivariate linear regression model with FFR values as
shown in Table 3, the lesion length as measured by IVUS
was significantly and independently correlated with the
FFR value (Model 1), consistent with previous reports. The
PV (mm?®) and %PV (%) as measured by the 3-dimensional
classic gray-scale IVUS were not independently correlated
with the FFR value (Models 2 and 3). Meanwhile, the LPV
(mm?) and %LPV (%) as measured by 3-dimensional IB-
IVUS proved to be independent predictors for the FFR
value even after adjustment of confounding factors (Mod-
els 4 and 5). When the FPV (mm?) was included in the
model as an independent factor, the LPV (mm?>) remained
to be a significant and independent predictor for the FFR
value (Model 6). Figure 3 shows representative images of a
lesion with functional ischemia and large LPV in (a), and a
lesion without functional ischemia and small LPV in (b).
The PV, LPV, FPV, lumen volume, and FFR were 186.6,
119.1, 66.2, 148.2, and 0.68 mm>, respectively, in (a), and
144.9, 43.9, 96.6, 139.7, and 0.81 mm3, respectively, in
(b).
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rTeaglr)el:zs:i;onlvz[illllla:i;:irsla\t:itllintellt Model no. Factor Linear model for FFR
FFR value Estimate (95 % CI) p value AIC
1 Sex (1 vs. 0) 0.013 (—0.030, 0.057) 0.55 —157.7
Age (years) 0.001 (—0.001, 0.003) 0.57 -
Minimum luminal area (1 mm?) 0.016 (—0.008, 0.041) 0.19 -
Lesion length by IVUS (1 mm) —0.003 (—0.005, —0.002) <0.001 -
2 Sex (1 vs. 0) 0.026 (—0.022, 0.073) 0.29 —143.8
Age (years) 0.001 (—0.001, 0.003) 0.57 -
Minimum luminal area (1 mmz) 0.021 (—0.004, 0.047) 0.10 -
Lesion length by IVUS (1 mm) —0.002 (—0.005, 0.001) 0.29 -
PV (1 mm®) 0.000 (—0.001, 0.000) 0.23 -
3 Sex (1 vs. 0) 0.017 (—0.028, 0.062) 0.45 —147.0
Age (years) 0.001 (—0.001, 0.003) 0.56 -
Minimum luminal area (1 mm?) 0.015 (—0.010, 0.040) 0.24 -
Lesion length by IVUS (1 mm) —0.003 (—0.005, —0.001) <0.001 -
%PV (1 %) —0.001 (—0.004, 0.002) 0.44 -
4 Sex (1 vs. 0) 0.037 (—0.008, 0.083) 0.11 —147.0
Age (years) 0.001 (—0.001, 0.003) 0.58 -
Minimum luminal area (1 mmz) 0.026 (0.010, 0.051) 0.039 -
Lesion length by IVUS (1 mm) —0.001 (—0.001, 0.002) 0.53 -
LPV (1 mm?) —0.001 (—0.001, 0.000) 0.006 -
5 Sex (1 vs. 0) 0.028 (—0.015, 0.072) 0.2 —-152.9
Age (years) 0.001 (—0.001, 0.003) 0.53 -
Minimum luminal area (1 mmz) 0.021 (—0.003, 0.044) 0.091 -
Lesion length by IVUS (1 mm) —0.003 (—0.005, —0.001) <0.001 -
%LPV (1 %) —0.002 (—0.004, —0.001) 0.005 -
6 Sex (1 vs. 0) 0.031 (—0.015, 0.078) 0.19 —137.5
Age (years) 0.001 (—0.001, 0.003) 0.56 -
Minimum luminal area (1 mm?) 0.023 (—0.002, 0.048) 0.067 -
Lesion length by IVUS (1 mm) —0.002 (—0.005, 0.001) 0.23 -
LPV (1 mm®) —0.001 (—0.001, 0.000) 0.006 -
FPV (1 mm?) 0.000 (0.000, 0.001) 0.24 -

CI confidence interval, FFR fractional flow reserve, AIC the Akaike information criterion, PV plaque
volume, %PV % plaque volume, LPV lipid plaque volume; %LPV % lipid volume, FPV fibrous plaque

volume

Discussion

In the present study the major findings were that the LPV
and %LPV, as measured by 3-dimensional IB-IVUS, were
significantly correlated with the FFR value, and proved to
be significant predictors for the FFR value, independent of
the various IVUS parameters derived from the classic gray-
scale IVUS.

Several previous studies have evaluated the relationship
between IVUS parameters and the FFR value. However,
the majority of these studies documented the relationship
between the FFR value and the QCA and IVUS parameters
based on 2-dimensional analysis, such as stenosis length
and minimum luminal area [18, 19]. Recently, Yang et al.

[20] assessed the relationship between volumetric IVUS
parameters and the FFR value and found the positive cor-
relation between plaque volume and the FFR value. In the
present study, the lesion length measured by IVUS, mini-
mum luminal area, and PV were significantly correlated
with the FFR value in the simple regression model, con-
sistent with the findings of a previous report. Meanwhile,
these studies did not take into account the potential impact
of plaque morphology.

Theoretically, a pressure drop across the stenosis is
related to viscous friction, separation, and turbulence [21].
Therefore, qualitative lesion factors such as plaque mor-
phology as well as quantitative factors could affect the FFR
value through producing greater flow resistance and energy

@ Springer
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Fig. 3 Representative coronary A
angiography images and both
serial conventional and
integrated backscatter
intravascular ultrasound images
for patients with functional
significance (a) and without
functional significance (b).
White arrow indicates the
analyzed segment. The color-
coded maps demonstrate lipid
(blue), fibrous (green and
yellow), and calcified (red)
areas. The PV, LPV, FPV,
lumen volume, and FFR were
186.6, 119.1, 66.2, 148.2, and
0.68 mm?, respectively, in (a),
and 144.9, 43.9, 96.6, 139.7,
and 0.81 mm?, respectively, in
(b). PV plaque volume, LPV
lipid plaque volume, FPV
fibrous plaque volume, FFR
fractional flow reserve

proximal

A

loss of the fluid because of viscous friction, separation, and
turbulence. Indeed, in a Japanese large-scale prospective
multicenter registry study, it was reported that patients with
unstable angina pectoris with the frequent development of
vulnerable plaques often showed the discrepancy between
the FFR value and the QCA as compared to those with SAP
[22]. In addition, Versteeg et al. [23] demonstrated that the
monocyte toll-like receptors 2 and 4, which are related to
plaque vulnerability, were significantly associated with a
lower FFR value. These findings suggest the potential
impact of plaque characteristics on the FFR value. Nev-
ertheless, in the Fractional Flow Reserve and Intravascular
Ultrasound Relationship Study (FIRST), the plaque mor-
phology as measured by virtual histology (VH)-IVUS did
not correlate with FFR values [24]. In FIRST, various VH-
IVUS parameters were measured only in the 2-dimensional
analyses. In the present study, the LPV as measured by the
IB-IVUS in the 3-dimensional analysis proved to be an
independent predictor for the FFR value. Therefore, the
volumetric plaque assessment by IB-IVUS could provide
better information in terms of the relationship between
plaque morphology and the FFR values as compared to the
2-dimensional analyses. The present findings need further
confirmation for any clinical implication of IB-IVUS

@ Springer

proximal

regarding the feasibility of doing IB-IVUS in a clinical
setting.

Study limitations

A limitation of the present study is the recruitment of
patients. The patients in this study represented a rela-
tively high-risk population who were scheduled for
elective PCI; this may limit the generalization of our
results. Arbitrarily excluding lesions with diameter
stenosis <25 % might exclude a fair number of truly
physiologically significant lesions, thus, recruitment of
lesions with diameter stenosis <50 % was an ethical
dilemma. In this regard, we evaluated the isolated lesions
that have intermediate to severe stenosis (26-90 % of the
vessel diameter) in this study. We did not consider the
other mild stenosis within the same coronary artery.
Therefore, the plaque component at non-culprit lesions
might have affected the FFR value. However, we care-
fully performed a pressure pullback tracing curve to
exclude tandem lesions with FFR value stepwise
increases of >0.10. Finally, although subjects were
prospectively recruited, the number was relatively small.
Larger study is needed in this regard.
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Conclusions

The lipid volume in lesions with intermediate to obstruc-
tive stenosis proved to be an independent predictor for the
FFR value. This finding might suggest the contribution of
the volumetric plaque morphology contributes to func-
tional ischemia.

Conflict of interest None.
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